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Item  C  should  read:  Effect  of  intermediate- frequency  image... 

last  item  should  read:  F  Network  noise  factor — 

First  item  should  read:  P._  .  Signal  power... 

WF  nun 

Line  2  should  read:  1.  OUTPUT  NOISE  POWER.  An  ideal  network 
adds  no  noise  power  to... 

Footnote  should  read:  _ Section  IX.B.3*h*>  p.  71* 

Eq.  (3*2)  denominator  should  read: 

CO 
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Line  21  should  read:  The  definition  given  above  for  F  may  be... 

Fig*  3*5*  Label  above  arrow  at  right  should  read:  SQ  =  GQS^ 

Line  8  should  read:  Fu  T_  -  "standard"  noise  factor  of  the 

M**  Xr 

crystal  mixer  i-f  amplifier. . . 

Fig.  3*6.  Expression  in  lower  box  should  read:  (trTQ-G  Ts)kS 
Label  below  arrow  at  right  should  read: 


N  =  k?  3G  +  (t  T  -  G  T  )kB 
o  s  o  r  c  OS 

Last  line  of  footnote  should  read:  where  t  „„  =  "effective  input" 
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Fig.  3*8-  Expression  in  lower  box  should  read:  kt£„  Tq3 
Equation  below  arrow  at  right  should  read: 


N  =  kT  BG  +  kt  IB 
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Last  line  should  read: 
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SUMMARY 

The  definitions  of  terms  used  in  systems  noise  work  are  presented, 
as  wen  as  general  techniques  of  describing  noise  power  r* suiting  from 
both  the  source  and  the  excess  noise  added  by  the  network  under  consider¬ 
ation.  A  unique  feature  of  this  report  is  a  unified  development  of  seven 
"noise  temperatures"  encountered  in  this  field,  with  tables  showing  the 
relationships  among  than  and  their  uses.  A  general  technique  for  calcu¬ 
lating  the  sensitivity  of  a  receiver  is  presented  and  three  examples  are 
treated  in  detail:  the  simple  crystal -video  system,  the  crystal -video 
receiver  with  r-f  preamplification,  and  the  superheterodyne  system.  All 
systems  are  divided  into  two  classes  for  which  the  calculations  are 
similar:  receivers  having  only  a  simple  detector,  and  those  having  some 
form  of  linear  amplification  preceding  the  detector.  The  final  analysis 
of  the  noise  performance  of  the  system  requires  a  comparison  of  the  pre- 
detection  and  post-detection  excess  noise,  Tills  comparison  is  performed 
by  referring  all  excess  noise  power  to  she  detector  input  and  classifying 
the  system  according  to  whether  (a)  the  pre-detection  noise  predominates, 
(b)  the  post-detection  noise  predominates,  or  (e)  the  pre-detection  noise 
and  the  post-detection  noise  are  comparable  in  magnitude. 

The  Appendices  cover  several  topics  of  interest,  such  as  image  re- 
ana  the  special  problems  encountered  with  a  panoramic  receiver. 
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PART  ONE  —  INTRODUCTION 

I,  THE  PROBLEM 

During  the  course  of  a  project  which  was  undertaken  to  investigate 
some  of  the  systems  design  considerations  of  f requency -scanning  micro  - 
wave  radar  intercept  receivers,  it  became  increasingly  apparent  that  a 
detailed  understanding  of  system  and  component  noise,  as  well  as  related 
urofcl ems .  1 —  nf*  major  importance.  Of  particular  interest  in  the  larger 
study  was  the  maximum  over-all  sensitivity  that  could  be  expected  from 
a  receiver  system,  and  it  was  desired  to  be  able  to  estimate  the  value 
of  this  characteristic  from  a  "paper  study"  of  the  system. 

As  the  original  study  progressed,  a  greater  appreciation  of  seme  of 
the  more  subtle  points  in  considering  noise  was  developed^  but  these 
techniques  and  problems  are  not  unique  to  the  intercept  receiver*  In 
order  to  permit  a  better  dissemination  of  the  material  on  noise  alone, 
the  noise  section  has  been  extracted  from  the  study  of  intercept  receivers 
and  is  presented  here  as  a  separate  report.  An  attempt  has  been  made 
to  keep  this  material  as  general  as  possible.  At  times,  however,  this 
was  not  possibles  and  the  particular  examples  used  in  such  cases  are 
chose  that  were  of  prime  interest  in  the  original  study. 

An  engineer  is  usually  able  to  estimate  the  order  of  magnitude 
of  the  sensitivity  of  a  system  before  he  constructs  it,  but  more  often 
than  not  there  is  a  wide  discrepancy  between  the  calculations  and  the 
actual  measured  performance.  In  fact,  it  is  often  difficult  to  calculate 
the  measured  sensitivity  even  after  the  equipment  has  been  built. 

Usually  some  of  the  difference  can  be  traced  to  an  obscure  point  that  was 
overlooked.  One  of  the  purposes  of  this  study  was  to  bring  out  sane  of 
these  finer  details  as  well  as  to  present  a  very  general  technique  for 
making  sensitivity  calculations.  It  certainly  cannot  be  expected  that 
the  calculations  will  agree  precisely  with  the  actual  performance,  nor 
is  this  absolutely  necessary j  but  the  computed  values  should  be  as  close 
as  possible  (perhaps  5-l'D  difference  would  be  an  acceptable  standard  in 
some  cases).  It  was  with  this  point  of  view  that  the  following  study 
was  prepared.  The  sensitivity  criterion  used  throughout  this  report 
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is  the  "minimum  detectable  signal”*  though  other  definitions  are  possible, 
tte  techniques  would  be  the  same  regardless  of  the  criterion  employed. 

Hie  definitions  and  descriptions  of  network  noise  and  calculations 
of  system  sensitivity  are  very  confused  topics  in  present  day  literature. 
It  is  hoped  that  this  report  will  represent  a  complete  and  consistent 
discussion  of  these  matters. 

The  body  of  the  report  is  divided  into  two  major  parts.  The  first 
part  Is  concerned  with  very  general  topics  such  as  definitions  and 
methods  of  expressing  noise  power-  The  un-men  development  of  the  various 
noise  temperatures  presented  here  is  believed  to  be  unique  in  this  field. 
Although  this  topic  is  very  confusing  when  it  is  first  encountered,  it 
is  hoped  that  the  presentation  here  will  give  the  reader  some  insight 
Into  the  origin  and  significance  of  the  various  "noire  temperatures". 

There  are  very  possibly  some  "temperatures"  that  are  not  included  and 
certainly  many  other  names  for  those  that  aia  presented  here,  but  the 
seven  which  are  discussed  are  the  ones  most  commonly  encountered.  The 
complete  discussion  of  noise  figures  and  noise  temperatures  is  intended 
to  provide  a  thorough  guide  to  the  literature  on  this  topic. 

The  second  portion  of  the  report  provides  practical  application  of 
the  definitions  and  techniques  presented  in  the  first  part,  while  describ¬ 
ing  the  methods  pertinent  to  computation  of  component  and  system  sensi¬ 
tivity. 

Finally,  the  appendices  treat  several  topics  of  Importance  in  making 
sensitivity  calculations  which  did  not  fit  into  the  main  body  of  the 
report. 


NETWORK  NOISE 


INTRODUCTION 


A.  GENERAL 

The  magnitude  of  the  total  system  output  noise  is  extremely  im¬ 
portant  in  the  analysis  of  any  sensing  or  recording  system.  It  is  this 


Qusnti*‘j  in  cc 


lion  with  the  system  gain  »iiiwn  ueiermines  tne  min¬ 


imum  signal  strength  that  it  will  he  possible  to  dc-tect.  As  will  be 
seen  in  the  development  that  follows,  the  noise  performance  (noisiness) 
and  gains  of  the  various  stages  may  be  such  that  the  over-all  system 
noise  is  effectively  determined  by  the  first  one  or  two  stages.  The 
complete  development  of  the  relationships  defining  the  over-all  system 
noise  will  enable  the  systems  engineer  to  know  the  essential  conditions 
for  which  this  approximation  can  apply.  Before  it  is  possible  to  look 
at  any  system  as  a  whole,  though,  it  is  important  to  examine  first  the 
individual  types  of  networks  and  to  become  familiar  with  the  various 
methods  of  treating  noise  in  each  stage.  This  section  will  present 
some  basic  definitions  which  will  be  elaborated  on  and  employed  in  the 
following  section  which  is  concerned  with  the  various  ways  of  describing 
the  "noisiness"  of  a  network. 


single  "signal"  channel.  A  method  for  including  "image  channel"  noise 
,  n  a  superheterodyne  receiver,  or  noise  in  any  other  "channel",  is  pre¬ 
sented  in  Appendix  C. 

Most  cf  the  material  presented  in  this  section  can  be  found  in  the 
literature.  In  fact,  sore  complete  discussions  of  many  of  the  finer 
points  are  available  there.  The  purpose  of  including  this  material  here 
is  to  introduce  a  new  and  unified  approach  to  the  entire  problem  while 
explaining  the  notation  that  will  be  followed  in  the  remainder  of  the 


B.  THE  COMPONENTS  OF  NEWORK  NOISE 

1.  OUTPUT  NOISE  TOWER.  An  Ideal  network  adds  to  noise  power  to 
the  output.  The  only  noise  present  In  the  output  results  frees  amplifying 
the  input  noise  power.  However,  with  the  possible  exception  of  recent 
developments  in  maser  amplifiers,  a  large  amount  of  excess  noise  power 
Is  added  to  the  output  si  goal  >y  every  rciive  network,  ire  excess  noise  added 
aay  he  generated  in  many  ways:  shot  noise  in  a  tube,  noise  in  an  electron 
beam,  semiconductor  noise,  or  even  noise  from  a  passive  attenuator. 


f—_  - 

Amplified 

r  _  "i 

Excess  noise 

|output  noise 

S 

input  noise 

power  added 

L  power 

power 

.by  the  network  _ 

(?.J) 


In  Fart  Two  of  this  report  the  topic  of  primary  concern  is  how  to 
describe  the  three  terms  given  in  the  equation  above. 

2.  INPUT  NOISE  POWER. 

a.  Available  noise  cower  from  n  resistive  source.  The  random 
nature  of  the  motion  of  free  electrons  in  a  resistive  element  gives  rise 
to  a  fluctuating  voltage  which  appears  across  the  terminals  of  the 
resistor.  This  fluctuation  Is  known  as  "thermal  noise"  or  "Johnson 

n9* 

noise. 

The  value  of  this  'voltage  has  been  found  t_  be 


n  square  value  of  the  voltage 


constant,  1. 3-8  x  10  J  Joules  per  degree 


T  =  temperature  of  the  element  (the  source),  x 

G 

B  =  noise  bandwidth  of  the  element  (to  be  defined  later). 


=  resistive  component  of  the  element,  ohms . 
numerals  refer  to  references  at  end  of  report. 


The  noise  power  available  is 


Therefore,  there  is  available  across  the  terminals  of  any  resistive 
element  a  noise  cover  of  ikT  )  watts  rer  cycle.  This  value  establishes 

*  5 

a  minimum  level  for  the  input  noise  power  density  to  any  network. 

b.  Active  source  noise.  The  expression  given  above  for  the 
noise  power  available, 

H  =  kT  B ,  (2*3) 

a  s 

Is  valid  only'  for  use  with  passive  (resistive)  sources.  It  is  not  used 
for  active  sources. 

An  active  source  nay  be  considered  in  the  same  manner  as  an  active 
network.  The  output  noise  power  available  from  each  say  be  described 
using  the  same  expressions.  The  terminology  may  be  changed,  but  the 
techniques  are  exactly  the  same. 

C.  NOISE  BANBWIDTES 

1.  EFFECTIVE  NOISE  RAJJDWIDtH.  The  "@ff  •  ctive  noise  bandwidth”  is 
an  artificial  property  of  the  entire  system.  It  refers  to  the  numerical 
value  of  the  bandwidth  used  with  the  input  noise  power  density  and  the 
tens  describing  the  over-all  system  noise  performance  to  compute  the 
total  noise  power  developed  in  the  output.  The  total  noise  power  in  the 
output,  in  turn,  sets  the  basic  sensitivity  of  the  system,* 

Total  systeml  Input,  noise  Over-all  3  .,.  + 
output  noise  |  -  power  system 

power  J  [_  density  J  (_  gain 

(2,1*) 

scussion  of  B  see  Section  IX.  3. 3*C. ,  p. 
ci  r 


-  ?  - 


Ali WIDTH  OF  A  HETVORX.  When  considering  only  one  portion 
say  consist  of  one  or  sore  stages,  the  bandwidth  that 


various  exnressios 


for  noise  never  is  not  neeessaril 


equal  to  when  is  comnonly  teised  the  ”3—ab  bandwidth  of  the  response 
curve”.  The  "noise  bandwidth”,  3,  is  defined  by  the  feUowiog  e::- 


f  0(f) 


(S-p) 


3(f)  =  Aval  lab. 


ze  power 


freeuency 


The  available 


presented  to  the  network  by  the  output  circuit,  but  is  a 
function  of  the  generator  Impedance". Dj 
Gg  t!  Available  gain  at  some  convenient  reference  frequency, 
usually  freqwney  of  maximis  response. 

Use  physical  significance  of  this  integration  and  averaging  is  to 
determine  a  value  for  the  noise  bandwidth  that  can  be  applied  to  an 
equivalent  rectangular  bandpass  with  a  constant  gain  C-^. 

A  table  in  Lawson  and  Uhlenbeck^*  gives  the  relationship  between 
the  noise  bandwidth  find  the  3-db  bandwidth  for  singly  tuned  circuits 
(1,  2,  3,  and  h  stages),  doubly  tuned  circuits  (1  and  2  stages),  triply 
tuned  circuits  (1  stage),  qusdruply  tuned  circuits  (1  stage ) ,  ana  quin¬ 
tuple  tuned  circuits  (l  stage).  The  figures  for  the  singly  tuned  eir- 
to 

cuits  are  given  below."  See  Table  II-l. 


TABLE  II- 5  3ATIO  OF  NOISE  HANDWI DTH  TO  J- db  BANDWIDTH 


3-  tJfe 

hmn£*i£%k 


Nn;  i? 
ban^cidlb 


IP  t  la 

effective  Bandwidth;  '  hcveve 


of  tea  rM"erria  to  as  the 


ective  noire 


that  bandwidth  used  win 


power  output  for  the  entire  seats 
to  a  single  network, 

■ .  >.  -MMc- -  O.t  Kiss 


-*ldto“  will  ref. 


noise  ossdwidtli  of  a  net 


Often  fM: 


e  plotted  arid  impartial  integratioa  ns  foods  used. 


a  network  of  a any  synchronous ly  ti 


networks  it  is  often  nceflosary  to  estlaste  1,  keeping  in  rir.i  that,  for 
a  network  of  ao:.y  synchronously  timed  stages,  3  I*  approxlaately  equal 
to  the  3-db  bamswidth,  The  effective  ftaodwldth  of  «  ry  ‘ter  I§  a  function 
of  the  bandwidtha  of  the  various  stage*  In  the  systcs,  hut  the  deri¬ 
vation  of  this  bandwidth  depend*  oa  tbs  type  Of  system  Ming  considered 


XUS  it* 


vatioh  of  this  bandwidth  depend*  on  tbs  type  of  syotsa  Ming  considered 
as  well  as  the  relative  noise-  perforaaace  of  its  various  stages,  la 
fact,  an  effestive  noise  bandwidth  for  the  system  say  not  exist.  The 
effective  bandwidth  will  he  cowered  In  detail  la  Part  Three  of  tMs 
report. 


D,  •  SOBS  POWER  ASS  HQISS  POMES  BgiSlTf 

There  are  two  equally  acceptable  uethols  of  referring  to  network 
noise  power:  "total  noise  power"  and  "noise  power  denilty".  It*  use 
of  "total  power"  is  Ite  Post  CCdon,  although  serious  probless  can  re- 


if  it  i»  used 


-risinately.  A  cues  "inter"  suantity  to  ass  la 


or  the  effective  noise  bandwidth  of  a  sysl 
Us#  total  power.  It  should  be  noted,  for 


noise  bandwidth  of  a  network 
tes,  one  car,  easily  calrolaie 


its  rreaueney  spectrin,  just  as  * . 


it  as  that  of  white  1;  nt 


Ls  constant  over  the  noise  bandwidth.  When  tftera&l  noise  Is  passed 
through  any  linear  network  this  property  Is  retained,  nl  r.oc.t  the  arpll- 
lude  of  the  spsetna  as  a  whole  -sy  be  changed. 


inis  stfitc-aent  is  exactly  true  f <-.v  therm  I  noise,  and  a  ©sod  appro.-:!  - 
nation  for  excess  network  Boise  over  the  passband  of  a  narrowband  network. 


When  thero  la  any  question  uo  r.o  what  the  "noloo  bandwidth"  of  a 
device  in  or  what  the  "effective  bandwidth"  of  the  system  is,  the  problem 
enn  bo  examined  uolr.e  noise  powur  density  expressions,  and  the  output 
nolue  power  can  bo  calculated  when  the  bandwidth  ia  determined,  if  the 
"density"  lo  constant  over  the  entire  bandwidth  in  question.  If  this  lo 
not  the  case,  It  will  be  necessary  to  divide  the  bandwidth  Into  smaller 
cegaonto,  each  having  a  constant  output  noise  power  density,  and  then  to 
calculate  the  total  noise  power  in  the  output  as  the  sum  of  the  power  in 
each  of  the  smaller  incremental  bandwidths.  An  example  of  this  teennique 
will  be  presented  in  Appendix  C  which  considers  a  complex  problem  in¬ 
volving  the  image  frequency  response  of  a  superheterodyne  receiver. 

Just  as  the  total  noise  power  may  be  multiplied  by  the  power  gain 
of  a  device,  or  be  increased  by  the  addition  of  excess  noise  power  added 
by  the  device,  no  may  the  noise  power  density  be  multiplied  by  the  gain, 
and  increased  by  excess  noise  power  densities.  Extreme  caution  is  war¬ 
ranted  in  either  case  if  there  is  a  situation  involving  different  bond- 
vidtho. 

E.  TEMPERATURE  AND  FREQUENCY  CONSIDERATIONS  IN  NOISE  PERFORMANCE 

For  nearly  all  active  networks,  the  noise  power  added  to  the  output 
by  the  network  varies  with  the  center  frequency  of  the  pnsoband,  even 
though  the  noise  bandwidth  remains  constant.  Therefore,  it  is  an 
essential  pnrt  of  the  description  of  the  noise  performance  of  a  network 
to  specify  the  center  frequency  considered.  The  gain  of  the  network  must 
also  be  given  no  well  as  the  noise  bandwidth. 

The  ambient  temperature  of  the  network  may  also  affect  the  network 
noise  performance.  The  excess  noise  added  by  the  network  may  oe  a 
function  of  its  umbient  temperature,  but  this  temperature  dependence  is 
usually  not  considered  in  systems  engineering.  The  systems  designer 
normally  begins  his  calculations,  given  a  value  for  the  network  excess 
noise  that  is  a  function  only  of  the  center  frequency  and  the  noise  band¬ 
width.  The  only  commonly  encountered  exception  to  this  is  the  consider¬ 
ation  of  the  noise  perforaance  of  a  passive  network  which  is  a  direct 
function  of  the  network  ambient  temperature. 
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III.  DESCRIBING  NETWORK  NOISE 


A,  INTRODUCTION 

1.  NOISE  FACTORS  AND  NOISE  TEMPERATURES.  With  the  present  state 
of  confusion  in  this  field  caused  by  a  multiplicity  of  definitions,  an 
engineer  is  in  danger  of  creating  mora  f'on fusion  as  soon  as  he  mentions 
"noise  factors"  or  "noise  temperatures".  After  some  examination,  though, 
what  first  appeared  to  be  a  completely  illogical  sr.d  unnecessary  compli¬ 
cation  of  the  subject  is  found  to  have  some  semblance  of  order.  One  of 
the  purposes  of  this  paper  is  to  point  out  the  basic  philosophy  governing 
all  of  the  methods  of  describing  the  "noisiness"  of  a  network.  It  will 
not  be  possible  to  fully  examine  this  topic  and  cover  all  of  its  aspects 
here,  but  an  attempt  will  be  made  to  correlate  in  one  centralized  develop¬ 
ment  mo°t  of  the  important  details.  The  purpose  of  this  development  is 

to  acquaint  the  systems  engineer  with  the  many  variations  possible  in  the 
methods  of  referring  to  network  noise,  and  to  show  how  one  may  be  con¬ 
verted  to  another.  Two  tables  giving  conversion  factors  and  useful 
formulas  summarize  the  results,  whereas,  in  the  text  proper,  the  terms 
are  defined  find  their  use  in  equivalent  block  diagrams  is  illustrated. 

There  are  two  general  methods  employed  to  describe  the  noise  per¬ 
formance  of  a  network:  noise  factors  (or  figures),  and  noise  temper¬ 
atures.  Only  those  terms  in  common  use  will  be  covered  in  detail.  Some 
others  that  might  possibly  be  used  will  be  mentioned  in  the  summary  to 
this  section. 

To  conclude  this  section,  "source  temperatures"  of  both  signal  and 
noise  sources  will  be  discussed. 

2.  EQUIVALENT  BLOCK  DIAGRAMS  FOR  LINEAR  NETWORKS.  It  is  possible 
to  clarify  greatly  the  calculations  involved  in  determining  the  physical 
significance  of  the  various  noise  factors  and  noise  temperatures  if  each 
linear  network  is  represented  by  a  combination  of  an  ideal  noiseless 
network  and  an  excess-noise  generator,  as  in  Fig.  3-1*  The  terminal 
characteristics  of  this  combination  must  be  the  same  as  those  for  the 
actual  network;  therefore,  the  input  signal  power,  input  noise  power, 
output  signal  power,  and  output  noise  power  must  all  be  equal,  respec¬ 
tively,  to  those  values  obtained  from  the  actual  network. 


FIG.  3.1.  Equivalent  block  diagram  of  a  linear  network. 


There  is  no  control,  over  the  input  values;  but  the  output  noise 
power  can  be  separated  into  two  parts:  amplified  input  noise,  and  excess 
noise  generated  in  the  network.  It  is  then  possible  to  refer  the  noise 
added  by  the  network  to  the  input  or  the  output,  and  to  describe  it  by 
different  terms. 

B.  THREE  NOISE  FACTORS 

1.  INTRODUCTION.  After  its  introduction  in  19^2  by  D,  0.  North, 
the  noise  factor  came  into  widespread  use  as  a  method  of  describing  the 
noise  performance  of  a  network.  At  the  time  of  its  introduction,  engin¬ 
eers  were  just  beginning  to  become  interested  in  a  quantitative  measure 
of  the  "noisiness"  of  a  system,  for  that  date  approximated  the  beginning 
of  general  interest  in  equipment  that  operated  above  30  Me.  Prior  to 
this  time  the  level  of  static  and  other  interference  in  the  frequency 
ranges  of  importance  was  such  that  the  noise  performance  of  the  receiver 
itself  was  not  very  significant,  in  determining  the  over-all  sensitivity 
of  a  system. 


-  10  - 


The  "standard  noise  factor"  was  the  term  first  defined,  but  It  was 

apparent  immediately  that  this  term  was  inapplicable  when  the  source 

47  _ 

temperature  was  not  the  standard.  In  his  original  work,  North  aiso 
defined  the  "operating  noise  factor"  which  will  be  discussed  below;  and 
in  19^3,  Goldberg  J  introduced  the  "effective  noise  factor"  which  will 
also  be  covered  here, 

2.  BASIC  CONCEPT  OF  NOISE  FACTORS.  To  compare  the  actual  perfor¬ 
mance  of  a  network  to  that  of  ideal  devices,  the  terms  noise  factor  and 
noise  figure  are  commonly  used.  "The  noise  factor  of  an  amplifier  is 
the  ratio  of  the  actual  output  noise  power  available  to  that  which  would 

be  available  if  the  amplifier  merely  amplified  the  thermal  noise  of  the 
12  ho 

source."  ’  Or,  if  the  input  to  this  network  is  the  output  of  another, 
the  ideal  device  merely  amplifies  the  output  noise  power  of  the  source 
network. 

The  term  "noise  figure"  is  often  used  interchangeably  with  "noise 
factor",  and  common  usage  has  become  such  that  both  often  refer  to  either 
the  db  figure  or  the  power  ratio.  The  calculations  in  this  paper  will 
use  primarily  the  power  ratio.  When  the  db  figure  is  required,  it  will 
be  specifically  noted. 

Although  it  is  not  implied  by  the  definition  given  above,  another 
one  of  the  prime  functions  of  any  noise  factor  is  to  express  the  total 
noise  power  of  a  network  by  an  expression  similar  to  the  one  given  below. 

(Total  noise  power  output)  =  F  kTBG  (3*1) 

Briefly,  then,  the  two  uses  of  noise  factors  are: 

(1)  to  compare  the  noise  performance  of  an  actual  network  to  that 
of  an  ideal  noiseless  device,  and 

(2)  to  express  the  total  noise  output  of  a  network  in  a  simple 
expression. 

3.  SPOT  AND  AVERAGE  NOISE  FACTORS.  The  excess  noise  power  added 
by  the  network  varies  over  the  pass -band  of  the  network-  The  value  of 
the  noise  added  at  any  given  frequency  may  be  a  function  of  the  gain  of 
the  network  only,  or  it  may  be  a  function  of  both  the  frequency  dependence 
of  the  gain  and  the  frequency  dependence  of  the  noise  generating  process. 


To  emphasize  this  particular  point  the  term  "spot  noise  factor"  is 
often  used  to  refer  to  chat  value  applicable  for  an  incremental  fre- 

■Jf 

qusncy  band.  It  is  then  customary  to  use  ''average  noise  factor"  to 

refer  to  the  ratio  of  the  total  available  noise  power  output  from  the 

amplifier  to  the  part  of  the  total  available  noise  power  output  which 

32 

is  due  solely  to  the  noise  generated  by  the  source. 


/  F(f)  fi(f)  df 

“A  O  _ 

r  =  a> 

j  G(F)  df 
o 


(3.2) 


where  F  =  the  average  noise  factor 

F(f)  =  the  spot  noise  factor  at  frequency  f 

G(f)  =  available  gain  of  the  network  at  frequency  f. 

"The  average  noise  factor  is  defined  as  the  ratio  of  (l)  the  total 
noise  power  delivered  into  the  output  termination  by  the  transducer, 
when  the  noise  temperature  of  the  input  termination  is  standard  (290°K) 
at  all  frequencies,  to  (2)  that  portion  of  (1)  engendered  by  the  input 
termination.  For  heterodyne  systems,  (2)  includes  only  that  portion  of 
the  noise  from  the  input  termination  which  appears  in  the  output  via 
the  principal -frequency  transformation  of  the  system,  and  does  not  in¬ 
clude  spurious  contributions  such  as  those  from  an  image-frequency  trans- 
32 

formation. 

Since  all  of  the  definitions  of  the  noise  factors  given  below  will 
use  total  noise  powers,  the  quantities  a-otually  defined  are  "average 
noise  factors".  The  normalization  is  done  in  deriving  the  expression 
for  the  noise  bandwidth.  Also,  the  assumption  is  made  that  the  fre¬ 
quency  dependence  of  the  noise  generating  process  is  negligible  over  the 
frequency  range  of  interest. 

The  spot  noise  factor  is  used  in  the  rigorous  analysis  of  the  noise 
performance  of  cascaded  networks. 


Also  called  the  "integrated  noise  factor"  by  Lawson  and  Uhlen'oeck.^ 

11 

See  for  example  Freeman,  p,  191*. 
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4.  (HE  "STANDARD"  NOISE  FACTOR.  As  shown  in  Eq.  (2.1),  the  total 
noise  output  of  a  network  is  a  combination  of  excess  noise,  added  by 
the  network,  and  the  amplified  noise  from  the  source.  If  the  equivalent 
noise  temperature  of  the  source  is  equal  to  the  standard  temperature 
(normally  taken  to  be  290°K),  the  "standard”  noise  factors  may  be  used 
to  compare  the  perfoimance  of  the  actual  network  to  an  "ideal  noiseless" 
one. 

The  actual  total  output  noise  power  is  w^,  but  the  output  noise 
power  of  an  ideal  network  would  be 


3.  =  available  input  signal  power  . 

When  this  definition  for  G  is  substituted  into  (3*5;  another  common 
definition  of  the  noise  factor  is  obtained: 

(Sj/N,  ) 

p  =  — L-L.  (f0r  t  =  T  only)  (3*7) 

w  — 

It  should  be  noted  that  although  this  definition  uses  the  signal - 
to-noise  ratio,  "the  noise  figure  is  not  a  measure  of  the  excellence  of 
the  output  signal -to-noise  ratio,  but  merely  a  measure  of  the  degradation 
suffered  by  the  signal-to-noise  ratio  as  the  signal  and  noise  pass 
through  the  network  in  question." 

Again  examining  Eq.  (2.1),  it  is  seen  that  it  can  be  expressed  in 
terms  of  the  standard  noise  factor. 


Total  output 

Excess  noise 

noise  power  = 

Amplified  input  + 

power  added  by 

(2.1) 

of  network 

noise  power 

the  network 

so  ■  “(.“o  *  <F  - 

1)  kT0EG0 

(3*8) 

Using  the  standard  noise  factor  it  is  then  possible  to  draw  s.n 
equivalent  block  diagram  (Fig.  3.2)  in  which  (F  -  l)  is  used  in  the  ex¬ 
pression  for  the  power  output  of  ,'ne  excess  noise  generator. 

Normally  this  measure  of  the  ..oise  performance  of  the  system  is 

called  simply  "the  noise  factor";  however,  some  author,  such  as  Davenport 

9 

and  Root,  have  used  the  terminology  "standard  noise  factor"  to  empha¬ 
size  the  importance  of  the  requirement  that  the  source  be  at  the  stan¬ 
dard  temperature. 

Only  under  very  rare  circumstances  is  the  source  temperature  in  any 
practical  system  equal  to  the  standard.  Variations  in  the  source  tem¬ 
perature  require  modifications  to  the  noise  factor  which  will  be  covered 
in  the  following  sections. 

*r  _ 

It  is  emphasized  that  this  definition  for  F  is  valid  only  for 

Ts  =  -b* 


FIG.  3-2.  Equivalent  block  diagram  illustrating  the  use  of 
the  "standard"  noise  factor  F. 


5*  THE  EFFECTIVE  NOISE  FACTOR.  When  the  temperature  of  the  source 
is  different  from  the  standard  temperature,  the  standard  noise  factor 
can  no  longer  be  used  in  the  expression  for  the  total  noise  output  of 
the  network.  Tne  excess  noise  added  by  the  network  will  resain  the 
same,  but  the  amplified  input  noise  will  change.  In  these  circumstances 
then,  a  new  noise  factor  must  be  defined. 

The  first  noise  factor  that  is  defined  for  source  temperature  not 
equal  to  the  standard  is  the  "effective  noise  factor" 


kT^c 


(3-9) 


where  Fg  =  the  effective  noise  factor 
Ts  =  the  source  temperature. 

In  a  manner  similar  to  that  of  the  preceding  section,  the  definition 


for  the  effective  noise  factor  may  be  written  as  follows: 


_  **Q 

=  — —  (for  any  T  )  (3*10) 

u  s 

Since  this  relation  does  apply,  the  same  derivation  as  already 
given  for  F  will  result  in  the  signal -to-noise-ratio  definition  of  the 
effective  noise  factor. 


FIG,  3.3.  Equivalent  block  diagram  illustrating  the  use  of  the 


effective  noise  factor  Fs. 


6.  THE  OPERATING  NOISE  FACTOR.  The  term  originally  introduced  by 

i  = 


0.  0,  North  '  in  19^2,  to  use  with  the  source  at  some  temperature  other 
than  the  standard,  is  the  "operating  noise  factor".  The  operating  noise 
factor  is  defined  toy  the  following  equation 


F _ = 


09  kT  EG 
0  0 


(3.15) 


where  F  -  the  operating  noise  factor, 
op 

In  this  case  the  relation 


fob  =  — 

P  G0Ni 


nope  net  app j. y „  Therefore, 


op 


0  i 


(3.16) 


Therefore  the  operating  noise  factor  cannot  be  defined  in  terms  of 
the  signal -to-noise  ratios. 


iVV 


OP  '  is  /«  -1 

O' 


(3-17) 


juatien  (2.1)  may  also  he  evaluated  using  the  operating  noise 


where 

T  -  T 

f  — - — )  =  the  relative  excess  noise  temperature  of  the 

'  Tq  '  source 

* 

Chart  III -2  will  permit  rapid  conversion  between  the  standard 
noise  figure  and  the  operating  noise  figure  (both  in  db). 

Using  Eq.  (3.18),  it  is  possible  to  draw  an  equivalent  block  dia¬ 
gram  for  the  network  using  F  -  See  Fig.  3-J|. 

op 

This  quantity  was  also  called  both  the  "modified  noise  factor"  and 
the  "effective  noise  factor"  by  Lawson  and  Uhlenbeck, 

7.  COMMENTS  ON  F  AND  F  .  Using  either  of  the  modified  noise 

s  op 

factors  defined  above  will  produce  correct  results  if  the  proper  temper¬ 
ature  is  used  in  the  expression  for  the  total  noise  power  output.  The 
choice  as  to  which  one  to  use  will  depend  on  which  of  the  two  functions 
of  the  noise  factor  is  most  important  in  any  given  case. 


-  19  - 


Conversion  '■hart  for 


FIG.  3.4.  Equivalent  block  diagram  illustrating  the  use  of  the 
operating  noise  factor,  FCp 


If  it  is  desired  to  know  how  much  sore  noise  there  is  it  the  output 

of  an  actual  network  than  in  an  ideal  noiseless  one,  the  effective  noise 

factor,  F  ,  must  be  used.  Hie  value  of  F  gives  the  ratio  sr- tween  the 
s  s 

output  noise  of  the  actual  device  and  that  of  the  ideal.  This  information 
then  specifies  how  such  the  noise  output  can  be  reduced  by  isproviag 
the  system.  For  this  reason,  the  effective  noise  factor  is  perhaps 
the  more  appropriate  one  to  use  in  comparing  the  noise  performance  of 
two  different  systems  operating  under  the  sane  conditions. 

If  it  is  desired  to  compare  the  noise  performance  of  the  same 
system  operating  under  two  different  conditions  of  apparent  source  tem¬ 


perature,  the  op 


output  will  be  lower  by  the 


output  sower  wi] 


se  factor,  F _ ,  should  be  used.  When  the 

op 

below  the  standard,  the  total  noise  power 


;rer.ce  in  tne 


slifled 


i rce  noise. 


remain  unchanged,  so  that  the  receiver  will 


smaller  signal.  A  lower  value  for  the  noi 


normally  co"notes  better  system  sensitivity,  but  the  foilwing  example 
presented  by  Peter  Strum  will  serve  to  illustrate  the  confusion  that 


-  21  - 


op 


-  f  05 


This  is  a  mneraj 


sristJe  of  those  two  noise  figures.  .ney 
>tal  noise  power  output,  since 


USfiO  w 


For  receiver  ccsraaris«s,  then,  it  -ill  be  setter  to  use  the  operatin 

noise  figure,  since  this  rtU  give  the  results  normally  expected - a 

lower  noise  figure  for  better  sensitlvity- 

Although  It  is  not  generally  recognised,  the  use  of  these  differ 


seise  figure.'  can  eause  more  confusion  c pa rhaps  anything  else-  So 

often  they  are  merely  derived  In  part  or  defined  broadly  without  making 

o  n 

It  clear  what  temperature  mist  be  used  with  each.'  *  St  is  hoped  that 
a  knowledge  of  how  the  various  quantities  of  Interest  are  expressed  *3 
terse  of  each  of  the  modified  noise  factors  will  alert  the  reader  as  to 
which  one  is  being  employed.  (See  Tables  IJI-2  (b)  and  (c)  in  this 
section- ) 


c.  emm  toise  id?teratuHes 


1.  IHSKBUCnOW.  Although  the  three  noise  factor.-,  are  ccEspietely 
adequate  to  describe  sU  of  the  features  of  tm  raise  associated  with 
a  network,  there  was  a  desire  for  other  terms  that  would  pe»mli  the  on 
of  shorter  and  simpler  equations  ffce  result  was  a  group  of  term  c:r- 
^eferred  to  as  'ViOlse  temperatures" .  is*  confusion  associated 


with 


title 


iy  a  result  of  its  iodise 


use.  aa- 


gineers  working  in  various  fields  «er  :r.'  res  ■  :  in  different  aspects 
of  the  noise  of  a  network  or  dgwice,  and  the  term  used  by  each  ©roup 

;•*!  *g  gf^^J  I  I  f=  «  I;!  1  ^ 

cannon  in  their  wort,  Vhe  confusion  arises  when  the  tens  used  »re  slot 

There  are  three  decision*,  each  having  two  possible  answers,  that 
have  to  be  =nde  In  choosing  which  “noise  te*per»ture!'  to  use. 


The  quantity  o ?  interest  may  be  either  the  total  network  output 
noise  power  or  only  that  portion  of  the  output  noise  power  added  by  the 
network;  it  may  be  desired  to  refer  this  quantity  to  the  input  or  to 
the  output;  and,  finally,  it  may  be  more  convenient  to  use  a  normalized 
temperature  ratio  than  a  temperature  in  degrees  Kelvin.  Such  a  system¬ 
atic  approach  was  not  used  when  the  individual  terras  were  first  derived, 
but  the  use  of  these  three  factors  does  permit  an  organized  study  of  all 
of  the  terms  that  have  been  developed.  0P  +*1*5  eight,  possible  noise  tem¬ 
peratures,  only  the  four  in  common  use  will  be  covered  in  detail  here. 

It  has  become  a  common  practice  to  refer  to  the  generic  group  of 
terms  that  will  be  discussed  below  as  "noise  temperat- jres".  The  use  of 
the  term  "temperature"  may  be  misleading.  Only  in  one  case  is  the  "tem¬ 
perature"  something  that  can  be  measured  physically,  the  source  temper¬ 
ature.  In  the  cases  considered  in  this  section,  "noise  temperature"  might 
be  described  as  a  fictitious  electronic  quantity  used  only  to  ufer  to 
an  apparent  or  equivalent  temperature  of  a  resistor  that  has  a  noise 
power  output  equal  to  some  component  of  the  noise  power  associated  with 
the  network.  For  several  of  the  terms  to  be  discussed,  the  quantity  is 
dimensionless  and  merely  represents  a  ratio  of  two  "temperatures".  This 
point  will  become  clearer  as  the  various  terms  are  defined. 

2.  EQUIVALENT  OUTPUT  NOISE  TEMPERATURE.  If  the  quantity  of  inter¬ 
est  is  the  ' otal  noise  output  of  the  network,  it  is  desirable  to  be  able 
to  express  this  quantity  as  simply  as  possible.  In  order  to  do  this  the 
"equivalent  output  noise  temperature"  is  used.  Then  the  total  output 
roise  power  is  given  by 


N  =  T  B 
0  eq 


(3-22) 


where 

T  =  the  eauivr.lent  output  noise  temperature. 

It  was  shown  earlier  that  the  total  output  noise  power  of  the  net¬ 
work  can  also  be  evaluated  by  using  noise  '.'actor.  For  any  source  temper¬ 
ature  the  total  output  noise  is  given  by 


or 


(3.2*0 


Therefore 


h'  =  F  kT  BG. 
0  s  s  0 


71  _  p  >T  G 

eq  op  0  0 


T  =FTG. 
eq  s  s  0 


(3-25) 


(For  any  T^) 


(3.26) 


for  any  source  temperature. 

If  the  source  is  at  the  standard  temperature,  then  the  standard 
noise  factor  may  also  be  used. 


*p  3  p  fp  n 

eq  ~<T0 


(For  Te  =  T0) 


(3.2?) 


The  physical  significance  of  the  equivalent  output  noise  temperature 
is  that  the  entire  noise  power  output  of  the  network  can  be  visualized 
as  coming  from  a  resistive  component  al  the  output  which  is  at  the  temper¬ 
ature  T  •  See  Fig.  3*5.  Note  that  even  though  the  source  is  at  T  the 
eq  s 

input  noise  power  is  assumed  to  be  zero  and  the  entire  output  noise  power 
comes  from  the  resistor  at  the  temperature  T^. 

The  use  of  the  equivalent  output  noise  temperature  permits  the  use 
of  very  simple  expressions  when  examining  the  total  noise  power  output  at 
tne  output  terminals. 

This  temperature  is  also  called  the  "effective  noise  temperature" 
o 

by  Davenport  and  Root''  and  care  should  be  taken  not  to  confuse  it  with 
another  term  to  be  defined  later. 

j.  NUj.bE  TEMPERATURE  RATIO.  It  is  easier  to  perform  calculations 
with  small  numbers.  Therefore,  If  the  equivalent  output  noise  temperature 
is  very  large,  it  can  be  normalized  by  dividing  it  by  the  standard  tem¬ 
perature.  It  is  then  possible  to  express  the  total  noise  output  of  the 
network,  using  the  "noise  temperature  ratio",  tf, 


N  =  kt  T  B 
0  r  0 


(3-28) 


*  _  _ 

Since  F0p  and  Fs  are  both  functions  of  the  source  temperature,  T 
will  also  vary  with  Ts  to  take  into  consideration  the  variation^  in  the1 
amount  of  amplified  input  noise. 


FIG.  3.5.  Equivalent  block  diagram  illustrating  the  physical 
significance  of  the  equivalent  output  noise 
temperature  Teq. 

Therefore,  from  Eqs,  (3*25)  and  (3.26)  it  can  be  seen  that  for  any 
source  temperature. 


or 


(For  any  T  ) 
s 


(3-29) 

(3-30) 


Only  for  the  source  at  the  standard  temperature  does 


ty  =  F  GQ  (For  Ts  =  TQ)  (3-31) 

The  requirement  that  Tg  =  T^  is  usually  assumed  when  the  noise  tem¬ 
perature  ratio  is  defined,  but  only  rarely  is  this  condition  specified. 
Using  this  assumption,  then,  and  the  expression  for  the  noise  temperature 
ratio  in  terms  of  the  standard  noise  factor,  the  most  common  use  of  the 
ratio  will  be  illustrated. 

A  common  configuration  of  radar  receivers  is  a  crystal  mixer  followed 
by  an  intermediate -frequency  amplifier.  The  standard  noise  factor  of  the 
combination  of  two  cascaded  networks  will  be  shown  later  to  be 


( ■»  ■soi 
\  / 


i 


Then  the  standard  noise  factor  of  the  crystal  mixer/i-f  amplifier  com¬ 
bination  could  be  given  by 

t  +  F, 


F, 


m 


IF 


M-IF 


M 


or 


Fm-if  =  +  fif  - 


(3.33) 


(3.3*0 


where 

FTri  =  "standard"  noise  factor  of  the  i-f  amplifier, 
lr 

F  =  "standard"  noise  factor  of  the  crystal  i-f  amplifier 
combination, 

G  =  maximum  available  conversion  gain  of  the  crystal 
UM  mixer, 

=  conversion  loss  of  the  crystal  mixer  (1/Gq  ), 

M 

t  =  noise  temperature  ratio  of  the  crystal. 
rM 


Historically,  the  use  of  the  noise  temperature  ratio  to  describe 
the  performance  of  a  crystal  mixer  was  probably  the  first  use  of  any 
noise  temperature.  This  term  was  used  very  often  in  early  radar  work, 

and  Van  Voorhis  ^  refers  to  it  simply  as  the  "crystal  temperature  ratio"> 

14  53 

Ginzton  called  it  the  "crystal  noise  temperature",  and  Pritchard 

referred  to  it  as  the  "mixer  noise  ratio". 

It  would  be  possible  to  illustrate  the  physical  significance  of  the 

noise  temperature  ratio  in  general  by  drawing  an  equivalent  block  diagram 

exactly  similar  to  Fig.  3.5  except  that  the  temperature  of  the  resistor 

would  be  t^T^-  It  is  also  possible  to  describe  the  output  of  an  excess 

noise  generator,  using  the  noise  temperature  ratio.  See  Fig.  3-u. 

The  noise  temperature  ratio  is  also  referred  tc  as  the  "relative 

9 

noise  temperature"  by  Davenport  and  Root. 

1*.  EFFECTIVE  INPUT  NOISE  TEMPERATURE.*  In  the  field  of  radio 
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FIG.  3.6.  Equivalent  biock  diagram  illustrating  the  use  of  the 
noise  temperature  ratio  tr. 


astronomy  one  item  of  prime  importance  is  the  ability  of  the  receiving 
equipment  to  detect  a  cha  ,e  in  the  apparent  "temperature"  of  the  source. 
For  this  reason,  the  additional  noise  added  by  the  network  is  often  re¬ 
ferred  back  to  the  input  terminals  by  the  use  of  the  "effective  input 
* 

noise  temperature". 


[Total  output  noise  j  _ 

Amplified  input!  ^ Excess  noise  power 

(2.1) 

power  of  network  J  ~ 

noise  power  J  ^  added  by  network 

"o  ■  “,“o  *  tT.«*0 

(3.35) 

N 

tV  &  Q  _  rp 

(3.3'-') 

cff  kBG0  S 

Since  it  is  easier  to  compute  with  small  numbers  is  may  be  desired 
to  normalise  this  temperature  as  below: 


T 

£  eff 


eff 


where  T  *  "effective  input  noise  temperature  ratio", 
ex  f  - 


“  £L  =  ** 


In  somewhat  the  same  way  that  the  "equivalent  output  noise  temper¬ 
ature"  describes  the  total  output  noise  referred  to  the  output  terminals, 
the  "effective  input  noise  temperature",  as  defined  above,  describes  the 
noise  added  by  the  network  referred  to  the  input  terminals. 

This  term  is  very  useful  when  examining  the  excess  network  noise 
referred  to  the  input  terminals  and  results  in  very  simple  expression 
when  so  used. 

The  physical  significance  of  this  "noise  temperature"  is  best  illus¬ 
trated  by  a  series  of  three  block  diagrams  in  which  the  excess  noise  is 
first  transformed  to  the  input  and  then  the  two  noise  sources  are  com¬ 
bined  so  that  tne  network  effectively  sees  one  source  at  an  apparent 
temperature  equal  to  the  "source  temperature"  plus  the  "effective  input 
noise  temperature".  See  Fig.  3*7. 

From  these  block  diagrams  it  can  be  seen  that  the  "effective  input 
noise  temperature"  is  also  useful  for  dealing  with  problems  where  the 
source  is  at  some  temperature  other  than  the  standard. 

The  complete  title  for  this  temperature  has  not  been  in  use  very 

long  and  some  of  the  recent  literature  refers  to  it  as  the  "effective 
17 

noise  temperature".  Because  it  refers  to  noise  added  by  the  receiver, 
this  temperature  is  called  the  "receiver  noise  temperature"  by  Pawsey 
and  Bracewellj''  but  in  view  of  the  great  number  of  "temperatures"  that 
are  used  in  referring  to  receiver  noise,  it  appears  that  this  nomenclature 
is  not  specific  enough  for  common  use. 

r>.  EXCESS  NOISE  TEMPERATURE  RATIO,  Another  t<  rm  that  is  often  used 
in  describing  the  noise  characteristics  of  crystals  is  the  "excess  noise 
temperature  ratio".  From  the  definiatlon  of  the  equivalent  output  noise 
temperature  the  following  relation  holds  under  all  conditions 


kT  B 
eq 


(3.37) 


However,  a  certain  amount  of  the  output  noise  power  merely  represents 
amplified  input  noise. 

(Amplified  input  noise  power)  =  kT  BG 

S  V 

Then  a  new  term  can  be  defined  as  the  "excess  noise  temperature 

ratio",  t  ,  so  that 
’  ex 
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FIG.  3.7.  Series  of  equivalent  block  diagrams  illustrating  the 
physical  significance  of  the  effective 
input  noise  temperature  Tpff. 
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s 


t  ^  — ■ 
ex  “  .  _ 

kT( 

where  tgx  =  excess  noise  temperature  ratio.  The  excess  noise  temperature 

ra-„io  --  £  __  ali?,ed  measure  of  tne  excess  noise  generated  in  the  device 
referred  to  ti.  output. 

The  equivalent  block  diagram  shows  that  the  "excess  noise  temper¬ 
ature  ratio"  simplifies  the  expression  for  the  output  of  the  excess 
noise  generator.  See  Fig.  3.8. 

There  have  not  been  any  other  names  encountered  for  this  terr . 


HG.  3.8.  Equivalent  block  diagram  illustrating  the  use  of  the 
excess  noise  temperature  ratio  t 
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D,  SUMMARY  ON  NOISE  FACTORS  AND  NOISE  TEHFlRATlffiES 

1.  INTRODUCTION.  The  use  of  the  many  "noise  temperatures"  to  des¬ 
cribe  virtually  the  same  thing  may  seem  quite  unnecessarily  confusing. 

This  is  certainly  true;  however,  different  "temperatures"  have  been 
accepted  for  use  in  different  types  of  networks;  and  the  purpose  of  this 
section  has  teen  to  show  how  the  various  quantities  are  defined,  and  their 
physical  significance.  Now  all  that  remains  to  be  done  is  to  show  the 
equivalence  of  one  *ers  to  another. 

Fc-r  any  given  source  temperature  the  total  output  noise  power  is 
fixed,  and  under  all  conditions  of  source  temperature  the  excess  noise 
power  added  by  the  network  is  approximately  the  same.  Using  these  two 
facts,  it  is  possible  to  derive  the  equations  relating  or.e  descriptive 
term  to  another.  These  conversion  equations  are  all  given  in  Table  1X1-1. 

Table  III-2  gives  expressions  for  certain  properties  of  the  noise 
in  terms  of  the  different  "temperatures".  Although  it  was  not  mentioned 
specifically  in  this  section,  noise  power  density  has  certainly  been 
implied  in  all  the  expressions  for  power,  since  each  of  these  contained 
the  noise  bandwidth  of  the  network.  It  is  often  easier  to  consider  the 
power  density  instead  of  the  total  power,  as  will  be  seen  in  some  of  the 
later  work,  in  fact  the  use  of  the  power  density  for  the  noise,  instead 
of  the  total  power,  is  often  the  only  way  that  certain  problems  can  be 
solved,  Tne  second  table  considers  not  only  power  but  also  power  density. 

After  examining  the  forms  of  the  expressions  in  the  second  table,  it 
is  easy  to  see  why  the  various  methods  of  calculating  and.  referring  to 
noise  have  arisen.  Anyone  who  is  particularly  interested  in  one  technique 
of  examining  noise,  whether  it  be  total  power  or  power  density,  and  referred 
to  the  input  or  to  the  output,  can  find  a  "temperature"  for  describing 
this  "noise"  that  will  greatly  simplify  nis  equations.  Because  all  these 
methods  are  used,  the  systems  engineer  must  be  familiar  with  all  of  them 
and  be  able  to  quickly  convert  from  one  to  another. 

2.  TABLES.  Given  *he  following  characteristics  of  the  network: 

B  =  noise  bandwidth 
G„  =  maximum  available  gain 


table  in. 
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TABLE  II I -2(a)*  GENERAL  NOISE  FORMULAS 


/Network  tots! 
I  noise  power 
'  output 


% 
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/  Amplified 
I  input  noise  i 
\  power  / 


(Excess  noise 
power  adde£ 
by  the  network 


Using  F: 

Using  Ff: 


Usiag  Fop: 
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tesperarure 


first  table  is  “.instructed  to  enable  toe  engineer  to  convert  free 

■e  seven  terns  discussed  to  any  other  one.  There  say  be  other 

possible,  but  these  are  probably  as  staple  as  any.  Hie  defin- 

ive  been  chosen  •aprsssly  to  rrasw  any  problems  of  having  a 

# 

,  a  tesotrature  other  than  the  standard.  Many  of  the  definitions 
the  literature  are  :rui  very  exact  on  this  point. 

■e  is  one  definition  that  applies  only  for  T  =  tn - the  definition 


of  the  "standard"  noise  factor.  All  of  the  conversion  formulas  apply  for 
any  source  tesperature.  but  it  should  be  noted  that  stay  of  the  expres¬ 


sions  given  reduce  greatly  when  7^  =  7,. 

«)• 

The  second  table  Is  presented  piiwrily  to  show  that  there  is  secse 
basis  for  the  sultlplicity  of  “tesseratures”  that  have  developed.  Ihe 
staple  forms  obtained  for  the  various  quantities  are  easily  discernible, 
and  an  engineer  interested  in  referring  to  aU  noise  in  one  particular 
sanrer  can  quickly  choose  the  proper  "tcvpersture*  to  use  to  sake  bio 
calculations  the  easiest.  The  second  table  also  provides  m  ready  reference 


for  the  engineer  who  is  working  systems -noise  problems,  although  there 
yiU  usually  be  sore  than  or*  way  of  expressing  stay  of  the  quantities. 
Mote  that  there  are  four  expression*  la  part#  (h)  sac  (s)  of  the  second 
table  that  require  that  the  source  be  at  toe  standard  te^eratare. 


3.  OTHER  iOSSIBLE  NOISE  TEMPERATURES  AND  NOISE  FACTORS. 

a.  Noise  temperatures,  After  reading  this  section,  the  engin¬ 
eer  may  well  believe  that  there  could  hot  possibly  be  any  other  "nSise 
temperatures":  any  that  have  not  been  covered  here.  A  little  reflection 
on  the  subject  will  prove  this  not  to  be  the  case.  The  four  temperatures 
which  were  discussed  above  are  only  those  that  have  been  found  in  common 
use.  There  are  others  possible]  but  their  use,  if  any,  is  not  sufficiently 
common  to  warrant  going  into  great  detail  in  their  description.  Further- 
more,  if  any  new  terms  are  encountered,  the  engineer  should  be  able,  with 
the  aid  of  the  material  in  this  section,  to  derive  the  physical  signifi¬ 
cance  of  each  "temperature"  bn  his  own. 

In  addition  to  other  possible  noise  factors,  there  are  eight  .possible 

*  __  _  - 

noise  temperatures.  The  quantity  of  interest  may  be  either  the  total 

network  output  noise  or  the  excess  noise  added  by  the  network.  It  may 
be  desired  to  refer  the  quantity  of  interest  to  either  the  input  or  the 
output,  and  finally  it  may  be  advantageous  to  use  either  an  absolute 
temperature  in  degrees  Kelvin  or  a  temperature  ratio  normalized  by  the 
standard  temperature,  290°K.  In  all  calculations  preceding,  the  final 
one  to  compute ---the  over-all  system  sensitivity,  the  quantity  of  inter- 
est — is  nor.  illy  the  network  excess  noise;  and  whether  it  is  referred 
to  the  output  or  the  input  is  largely  a  matter  of  choi ce,  although  for 
working  with  networks  in  cascade  it  is  simpler  to  refer  it  to  the  input* 

The  choice  of  using  ah  absolute  temperature  or  a  ratio  is  usually  made 
so  that  the  resulting  numbers  of  interest  are  small  and  as  near  unity  as 
possible.  For  example,  if  T  =  10°K  it  would  be  better  to  use  the  absolute 
temperature  than  the  ratio  t  =  0*03b*»8i 

Table  III-3  gives  all  eight  possible  noise  temperatures.  Those 
covered  in  the  text  earlier  are  outlined  in  heavy  borders.  As  was  men¬ 
tioned  above,  four  of  the  temperatures  in  the  chart  are  not  in  common  use 
and  the  symbols  and  titles  are  those  of  this  author. 

_ 

There  might  be  twelve  different  temperatures  possible,  If  those 
referring  to  total  system  noise  are  defined  separately  for  standard  tem¬ 
perature  sources  and  other  temperature  sources.  Those  temperatures  re¬ 
ferring  to  excess  noise  are  not  a  function  of  the  source  temperature. 
Having  different  definitions  for  tr  and  tr  ,  for  example,  appears  unneces¬ 
sarily  complicated. 
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POSSIBLE  NOISE  TEMPERATURES 


b.  Hoise  factors.  The  only  difference  among  the  three  noise 
factors  given,  above  is  the  reference  temperature  used  ih  calculating  the 
total  noise  output  of  the  network.  There  are,  in  fact,  only  two  basically 
different  noise  factors,  for  the  "standard  noise  factor"  is  a  special 
case  of  both  the  "effective  noise  factor"  and  the  "operating  noise  factor” 
for  T  =  T  .  All  of  the  noise  factors  given  may  be  classed  as  terms  re- 

S  0 

ferred  to  the  network  input,  since  the  network  gain,  GQ,  must  be  included 
in  the  expressions  for  the  network  output  noise. 

There  are  several  variations  of  the  noise  factors  that  are  possible, 
referring  them  to  either  the  output  or  the  input,  or  considering  only 
the  excess  noise  added  by  the  network]  but  the  complete  coverage  of  all 
of  these  variations  by  the  noise  temperatures  precludes  the  need  for  in¬ 
creasing  the  number  of  noise  factors.  The  only  additional  term  that 
might  be  of  value  is  an  excess  "standard"  noise  factor  that  considers 
only  the  network  excess  noise. 

F*  =  (F  -  1)  (3,1*1) 

* 

where  F  =  excess  noise  factor. 

The  usefulness  of  this  term  can  be  illustrated  by  examining  the  ex¬ 
pression  for  the  over-aH  system  noise  factor  of  6  networks  in  cascade. 
Using  the  presently  available  notation  this  is  given  by  the  following 
equation: 


(F o-l)  (F,-l)  ( F. -1 )  (F_-i) 

f1-6  “  Fi  +  +  + - 


u  Go  G  G  G  G  G  G-  G  G  G  G  G  G- 
°1  °1°2  °1°2°3  °1  °2  °3  °4  °1  °2  °3  °1*  °5 


(3.t2) 

* 

If  the  modified  standard  noise  factor,  F  ,  were  used,  the  expression 
would  be  much  simpler; 


*  *  * 

Fo  Fo  Flt 

?  s  =  F  +  +  - 

1-0  1  G,  G„  G^  G„  G„  G,  G_  G 


F_ 

+  - - — 


/■*  q  q  /* 
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or 

*  *  *  * 

F*  -  p*  !k.  -fv  +  ...  \  +  F5  _____  F6  ■ 

li6 " 1  *  \ + \\  *  \\S + W\\ * W3V% 


(3;4U) 

The  "average  excess  noise  factor"  would  be  the  same  as  the  "effective 
input  noise  temperature  ratio",  Note  that  in  all  eases 

m  1 


F  = 


'eff 


* 

F  =  t 


eff 


f  (For  any  T^) 


(3.^5) 


(3-46) 


E.  SOURCE  TEMPERATURES 

1.  NOISE  SOURCE  TEMPERATURES.^  Thus  far  the  "noise  temperatures" 
considered  have  been  defined  by  examining  the  network  total  output  noise 
power,  of  that  part  of  it  added  by  the  network.  Somewhat  analogous 
techniques  car.  be  used  to  examine  the  input  noise  power  obtained  from  a 
noise  source.  These  "temperatures"  are  of  interest  when  using  noise 
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sources  to  measure  the  noise  performance  of  networks.  The  definitions 
for  several  of  the  useful  terms  will  be  given  below;  however,  ho  further 
use  of  these  "temperatures"  will  be  made  in  this  study. 

Noise  source  discharge  temperature 

Excess  noise  temperature  of  the  noise  source 

Relative  noise  temperature  ratio  of  the  noise 
source 


Relative  excess  noise  temperature  ratio  of  the 
noise  source 
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(T  /T  )  is  also  equal  to  the  ratio  of  the  power  per  cycle,  avail- 
s  u 

able  from  the  noise  source,  to  that  available  from  a  source  at  the  stan¬ 
dard  temperature,  TQ. 

2.  SIGNAL  SOURCE  TEMPERATURE  -  ANTENNAS.  Although  the  apparent 
noise  temperature  of  the  source  that  is  connected  to  the  network  does 
hot  describe  any  of  the  properties  of  the  network  itself,  it  is  certainly 
of  great  importance  in  making  any  calculations  involving  system  noise. 
Normally,  the  source  is  considered  as  being  at  the  same  ambient  tSnper- 
ature  as  the  equipment,  which  is  often  assumed  to  be  the  standard  tem¬ 
perature,  290°K.  If  t.ie  source  is  an  antenna  pointed  at  the  sky,  as  it 
may  well  be  in  a  radar  receiving  system ,  the  temperature  of  the  source 
Will  probably  differ  quite  greatly  from  the  standard  temperature. 

,  _  16 

An  antenna  system  can  be  described  by  an  equivalent-  circuit  as  in 
Fig.  3.9.  The  reactive  component  of  the  antenna  impedance  Will  not  have 
any  effect  oh  the  noise  power  available  to  the  receiver,  but  the  two 
resistive  components  will.  The  ohmic  resistance  will  be  at  the  ambient 
temperature  of  the  equipment  and  will  contribute  an  amount  of  noise 
power  based  on  this  temperature;  however,  the  "temperature"  of  the 
radiation  resistance  win  be  determined  by  the  "temperature"  of  the 
objects  at  which  the  beam  of  the  antenna  is  directed.  In  all  likelihood 
the  ohmic  resistance  will  be  very  small  compared  with  the  radiation 
resistance,  so  that  the  antenna  will  generate  little  thermal-noise  power* 
The  primary  problem  is  determining  the  equivalent  temperature  of  the 
radiation  resistance.  It  is  normally  necessary  to  obtain  this  temper¬ 
ature  experimentally  for  the  various  frequencies  of  interest  and  the 
directions  in  which  the  antenna  beam  will  be  aimed*  It  can  be  defined 
by  an  integral  equation;  however,  this  equation  has  little  application 
in  finding  actual  values  for  the  equivalent  antenna  temperature.  "It 
should  be  noted  that  a  radiation  resistance  is  not  a  real  resistance, 

and  thus  introduces  no  noise  into  the  receiver  except  to  the  extent  that 

bS 

it  absorbs  noise  radiation  from  its  surroundings." 

There  are  several  methods  that  might  be  used  in  making  noise  cal¬ 
culations  with  a  source  temperature  other  than  the  standard.  One  such 
method  was  illustrated  in  the  preceding  section,  using  the  effective 

incut  noise  temperature  of  the  network.  Gee  Fig.  3*7-  Another  method 

:.Q 

that  might  be  employed  is  the  use  of  an  external  noise  factor. 


RECEIVER 


,FIG.  '3.9.  Equivalent  circuit  of  an  antenna  with  losses. 


Tlie  external  noise  factor  is  defined  so  that  it  is  equal  to  unity 
when  the  average  noise  power  density  available  from  the  antenna  is  the 
same  as  that  available  from  a  resistance  at  the  standard  temperature. 


Na  -  (EN)kT0  watts/ cycle 


(3.47) 


where 


EM  =  external  noise  factor. 


Some  works  refer  only  to  the  equivalent  temperature  of  the  antenna 
resistance,  T^.  In  that  case, 


(EM) 


(3-46) 


where  -  equivalent  noise  temperature  of  the  antenna. 

The  value  of  (EM)  is  frequency  dependent  and  some  equations  giving 
values  for  it.  arc  presented  oy  Norton  and  Omberg.  For  more  up-to-date 
information  on  the  temperature  seen  by  an  antenr.a  pointed  at  the  sky  the 
reader  is  referred  to  the  literature  on  radio  astronomy,  which  contains 
extensive  studies  of  this  factor. 

Referring  to  the  section  on  noise  source  temperatures,  it  can  be 
seen  that  the  external  noise  factor  could  also  be  called  the  "relative 


noise  temperature  of  the  source". 


-  to  . 


The  most  complicated  situation  that  mi gilt  exist  is  to  calculate  the 
external  noise  factor  of  an  antenna  for  which  the  ohmic  resistance  is  not 
negligible,  and  the  antenna  is  at  some  ambient  temperature  other  than  the 
standard  or  the  equivalent  temperature  of  the  radiation  resistance. 

Assume  that  the  antenna  has  a  radiation  efficiency  of  7;  for  every  unit 
cf  power  supplied  to  the  terminals,  7  is  radiated  and  (I-7)  is  dissipated 
in  the  ohmic  resistance  as  losses;  Then 


7T+  (1-7)1 
(EM)  =  LM 


(5*^9) 


where  T  ^  =  temperature  of  the  ohmic  resistance. 

T,aji  =  temperature  "seen"  by  radiation  resistance 
7  s  antanna  radiation  efficiency. 


Similarly, 


T.  =  VT_.  +  (1  -  7)T  _v 


(3.50) 


IV.  NOISE  IN  PASSIVE  NEWOP-KH 

Thus  far,  only  the  problems  of  noise  in  active  linear  networks  and 
noise  in  antenna  systems  have  been  considered.  Attention  will  now  be 
turned  to  passive  linear  networks,  for  example,  an  r-f  tuned  circuit,  an 
attenuator  pad,  or  a  transmission  system  of  waveguide  or  some  other 
material.  Networks  of  this  type  are  characterized  by  a  gain  (always  less 
than  one)  and  a  bandwidth.  See  Fig.  4.1. 

In  a  manner  analogous  to  the  case  of  an  antenna  with  a  radiation 
resistance  and  an  ohmic  resistance,  each  at  a  different  "temperature", 
the  situation  often  occurs  in  which  a  passive  network  is  at  one  temper¬ 
ature  and  its  source  at  another.  In  both  eases  the  quantity  of  interest 
is  the  apparent  or  equivalent  temperature  at  the  output  terminals,  and  it 
is  found  that  very  similar  results  apply,  although  the  physical  causes 
are  quite  different.  Consider  the  situation  shown  id  Fig.  4.2(a),  with 
both  the  source  and  the  network  at  some  temperature  T-.  Kith  the  entire 
system  at  the  same  temperature,  the  noise  power  output  of  the  network 
must  be  given  by 

Nq  =  kTxB.  (4.l) 

If  it  is  next  assumed  that  the  temperature  of  the  network  is  0°K,  there 
will  be  no  contribution  to  the  noise  power  output  by  any  of  the  resistive 
elements  in  the  network.  See  Fig.  4.2(b).  Tne  noise  power  output  will 
then  be 

Hq  (due  so  source  duly)  =  kT^BGQ  (4,2) 

The  quantity  of  primary  interest  is  trie  noise  added  by  the  network,  and 
its  value  can  be  found  by  now  assuming  the  source  to  be  at  0”K  [Fig.  4.2(c)] 
Then  the  network  noise  is  the  difference  between  the  total  noise  and  the 
noise  due  to  the  source,  or 

N"  (due  to  network)  =  kT  B(l-G  )  (4.3) 

o  X  0 

These  expressions  can  then  be  generalized  to  obtain  the  one  given 
below.  Note  that  the  source  temperature  in  this  equation  may  be  the 
equivalent  temperature  at  the  output  of  a  preceding  network. 


where 


equivalent  output  iioise  temperature  of  the 
source  end  the  network  combined 

equivalent  temperature  of  the  source 

ambient  temperature  of  the  passive  network. 

The  closer  the  gain  of  the  network  is  to  unity  the  neater  the  equiv¬ 
alent  output  noise  temperature  approaches  the  source  temperature.  For 
this  reason  the  hoiie  introduced  by  very -low -loss  passive  networks  is 
often  neglected  completely . 

Treating  the  noise  in  a  passive  network  by  temperatures^  as  above, 
is  perfectly  acceptable  at  all  times.  In  fact,  this  method  is  perhaps 
the  easiest  way  to  handle  the  problem  when  an  ahtenna  transmission  line 
is  being  considered.  However,  when  the  passive  network  is  in  the  receiver 
proper,  it  is  inconvenient  to  have  to  deal  with  both  temperatures  and 
noise  factors.  For  that  reason,  the  noise  factor  for  the  passive  network 
will  be  derived. 

From  the  expression  above  the  equivalent-  output  noise  temperature  of 
the  network  can  be  found. 


G0T£ 


+  (1 


3  )T  v 

r\ '  pmn 


(M) 


aei 


To  convert  any  noise  temperature  into  on  equivalent  noise  power 
ty,  multiply  the  temperature  by  Boltzmann's  constant,  k: 


kG. 


o  s 


+  kc  1 


VTa=h 


5) 


When  the  ambient  temperature  of  the  network  is  not  the  same  for 
the  entire  network,  special  problems  are  encountered.  A  good  example  of 
this  situation  Is  a  waveguide  connecting  n  sburca  ut  a  reduced  temper¬ 
ature  (in  liquid  helium)  to  a  network  at  rows  temperature.  This  problem 
was  examined  oy  Maxwell  ana  Leon.—* 


Referring  to  fables  III-2(a)  arid  (c)  in  lire  preceding  section,  it 
can  te  seen  that  this  expression  is  now  in  the  form  of  an  equation  for 
noise  power  densities. 


Total  output  noise 

Amplified  input 

-  -1 
Network  excess  noise  | 

power  density 

- 

noise  power 
density 

+ 

power  density  referred  I 
to  the  output  J 

A Rain  referring  to  Table  III-2(c),  the  last  term  can  be  converted  to  the 
form  using  the  standard  noise  factor,  and  the  following  is  obtained: 


k  (1  -  6  )T-  s  (F  -  l)kTG 
O'  amb  '  '  0  0 


(i 

(F  ^  1)  =  « 


G« 

u 


F  = 


(hn) 

(h.8) 


(h.9) 


When  the  ambient  temperature  of  the  network  is  equal  to  the  standard 
temperature^  which  is  often  an  assumed  condition,  the  above  expression  is 
grertly  simplified: 


(U.lO) 


F  =  L  (h.ll) 

Therefore,  two  conditions  must  combine  to  make  it  possible  to  neglidt 
the  noise  added  by  a  passive  network  in  a  systems  The  first  of  these  IS 
that  the  ambient  temperature  of  the  network  must  be  equal  to  the  standard 
temperature^  and  the  second  is  that  the  maximisn  available  power  gain 
must  Be  very  close  to  unity.  For  lossy  networks  or  unusual  ambient  terns 
Denatures  it  will  be  necessary  to  consider  the  excess  noise  added  By  the 
passive  network.  The  very  low  values  of  the  effective  input  noise  tem¬ 
perature  now  possible  with  maser  amplifiers  require  that  noise  in  all. 
lossy  networks  preceding  "he  maser  he  considered  if  the  correct  value  is 
to  be  obtained  for  the  system  noise  factor. 


DESCRIBING  K5I5E  IK  CASCADED  NETWORKS 


A.  introduction 


In  order  to  calculate  the  over-all  system  noise  factor.  It  Is 


essential  to  be  able 


derive  the  effective  noise  factor  for  several 


"noisy"  linear  networks  that  are  Connected  in  series  as>  for  example, 
in  a  s  uperheterodyne  receiver-  The  technique  for  doing  this  will  he 
developed  for  two  networks,  and  then  it  will  be  shown  how  this  sac® 
technique  car.  be  extended  to  any  number  Of  cascaded  networks. 

Perhaps  the  easiest  way  to  visualize  this  problem  is  to  use  the 
equivalent  block  diagrSos  for  the  networks  containing  the  excess-noise 
generators .  See  Fig.  5*1. 

Wing  the  basic  definition  of  the  noise  factor,  "ratio  Of  actual 
output  noise  power  to  — ampllf i ed — -the real  noise  of  the  source",  the 
development  is  easy  to  follow. 

The  calculations  for  the  cascaded  noise  factor  are  made,  assuming 


3.  USING  THE  NOISE  FACTOR 


Hie  input  noise  power,  thersai  noise  oi‘  the  source,  is  simply: 

n.  =  ks^B  Ci>-i) 

The  total  noise  Output  of  the  first  network,  which  is  also  the  noise 
power  input  to  the  second  network,  15 


(HJ  =  tO  G  +  (F  -  l)k7  3  G  =  FK3.G 
U  2  %/  J.  X  U  X  U.j  X  O  -*-  U, 


Than  the  total  noise  power  Output  of  the  cascaded  networks  will  be 


(UJ  =  FikT.B  G  G  -r  (F  -  1}R?„B  G. 
0  X  0  2  0  0  2  o  2  Oi 


Tr.e  use  of  instead  of  B  in  the  tens  giving  the  value  for  the 
ESplified  noise  power  is  Justified  as  follows.  At  the  output  of  tie 
first  network  the  total  noise  power  was  as  given  above  (Rj.  p.u).  Oust 
as  in  the  case  of  thermal  noise  in  a  resistive  coEponent,  the  noise 
p&ttir  density  here  is  Assiaied  to  be  constant  over  th#  range  of  frequencils 
iii  the  pass  band  of  network  No.  L  Therefore  the  noise  power  density  at 
the  input  to  the  network  Ko.  2  15 

¥To\  '»-**> 

Since  the  bandwidth  of  network.  f».  2  IS  nofiaally  leSS  than  that  of 
network  No.  1  thifi  value  will  ektend  Over  the  entire  band  of  network  No. 

2  and  the  input  noise  power  to  network  Ho.  8  will  be 


FIT  3  G 
x  Mew. 


If  the  bandwidth  of  network  No.  I  is  greater  than  that  of  network 
No.  1  then  the  total  noise  power  Input  to  network  No.  2  would  be  sefely 
the  output  power  of  network  No.  1;  however,  such  a  ratio  of  binewieths 
would  be  unusual.  So  only  the  former  ease  sill  be  considered  here. 

The  noise  power  in  the  output  that  can  be  attributed  to  amplified 
input  noise  free  the  source  is 


/FlGop2G0l ^-+/(F2.1.l)0Qpag 
}GoGn  df 


(5.13) 


where 


G  =  operating  gain  cf  network  No.  2 
op2 

Gq  =  available  gain  of  network  No.  1 


Freeman  further  states  that  if  the  center  frequencies  of  the  two 


networks  are  the  same,  and  Bg  <  B^,  then: 


F  =  F  + 
*1-2  1 


F  -  1 
2  - 


(M*0 


where  F  =  spot  noise  factor  of  network  No,  1,  evaluated  at  the  center 
frequency . 

If  both  networks  have  constant  gain  over  their  bandwidths  and  B. 

=  Bg,  then: 


F  -s  F  + 
1-2  1 


(5-15) 


The  differences  between  results  obtained  using  Eqs.  (5-13)  «*nd  (5>15) 
are  normally  not  significant. 

If  the  noise  factor  for  a  cascade  of  networks  is  given, 


and  the  effective  bandwidth  of  the  system  is  known. 


^efA 


the  total  noise  power  in  the  output  will  be  given  by  the  following  ex¬ 
pression: 


<V  =  kVBeff Fl-n 

n  1-n 


(5.16) 


c.  USING  THE  NOISE  TEMPERATURE  RATIO 

As  was  shown  in  a  preceding  section,  there  are  four  common  methods 
for  describing  the  noise  power  output  of  the  excess-noise  generator. 

Then,  considering  only  two  networks  in  cascade,  there  are  1 6  possible 
ways  to  combine  these  various  methods.  In  practice,  few  of  these  combin¬ 
ations  are  ever  encountered;  however,  a  combination  that  is  of  interest, 
since  it  represents  a  common  situation^  is  a  network  using  the  noise  tem¬ 
perature  ratio  followed  by  one  using  the  standard  noise  factor.  See 
Fig.  5-2. 

tn  this  case,  the  noise  power  output  of  network  No.  1  is  given  by 

»  -  a  t  ^  (5.17) 

X  x 

and  that  of  network  No;  2  is 

\  -  *  <f2  -  l!kICB2%  <5'18) 

With  the  same  comments  relative  to  B, ,  B  ,  and  B  ,  here  as  given 

x  2  eti 

above,  the  combined  noise  (factor  is 


FIG.  5,2.  Equivalent  block  diagram  of  two  noisy  networks  in 
cascade,  one  using  tr  and  one  using  F. 


D-.  USING  THE  EFFECTIVE  INPUT  NOISE  TEMPERATURE 


A  quantity  that  is  extremely  useful  and  convenient  to  work  with  is 
the  effective  input  noise  temperature  of  the  over-all  system.  Knowing 
T^  for  each  network  permits  a  direct  compulation  of  the  over-all  effec¬ 
tive  input  noise  temperature  by  a  vefy  simple  formula. 

Although  there  are  several  equally  acceptable  methods  that  might  be 
used  to  derive  an  expression  for  Teff^  the  easiest  one  to  use  here 
starts  with  the  equations  already  given  for  the  standard  noise  factor  6f 
a  cascaded  network. 


From  Eq.  {  )  above 


-  (fp  -  i> 

*1-2  1  G0 


(5-20) 


Using  the  substitution  given  in  Table  III-l,  the  noise  factors  can 
be  converted  to  effective  input  noise  temperatures. 


(T  -  "“o  ■  T^f 


(5.21) 


Then  the  expression  for  the  cascaded  effective  input  noise  temper¬ 
ature  is  simply 


r  =  t  +  — 

eff1.2  effl  * 


(5.22) 


Starting  with  the  expression  for  the  general  system  noise  factor 


p  p  ,  'V1’  ,  (F3J)  ,  ,  -  « 

1-n  1  G  Gn  G  G,  G  ...  G 

°1  °1  °2  °1  °2  °(n-l) 


(5.23) 


the  expression  for  the  over-ail  system  effective  input  noise  temperature 
can  be  obtained. 


mm  m 

eff  erf,  off 

*eff  “  eff  +  G  0  G  **'  G  G  ...G 

!-n  1  0,  G0;l  02  0,  0,  0(d_1) 
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(5-25) 


E.  NOTE  ON  B,  <  B„ 
1  2 


The  noise  power  output  of  network  No.  1  is 


N  =  F  kT  B  G 
0^  10  10^ 


The  noise  power  output  of  network  No.  2  is 


n  =  p  kT  B-G  G  +  (F  -  Dki  B  G 
•V  'l  O  l  O.  O,  '  2  '  0  2  0. 

d  X  C. 


Then, 


'1-2 


Too  go  +  (F2  “  1)kT0B2G0 

“  V  Jm  V  ^  V/p  ^  V  b  Wp 

kT  B  G  G 
0  eff  01  U2 


(5-26) 


(5-27) 


(F.-D  ,  B„ 


(5.28) 


eff 


eff 


In 


cases  such  as  these,  where  B^  <  32>  there  will  usually  be  a 


third  network  with  <  B^  so  that  the  noise  power  output  of  network  No. 
3  in 


\  *  hkI6B304>°63+  f'i-WVaW  (f'3-1)kT6B30o3 


Then, 


_  (Fp-D  (F.-D 

i-3  F1  '  G  G  G 
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(5-29) 


(5.30) 


If  such  is  not  the  case  and  all  the  networks  following  No.  1  have 
bandwidths  greater  than  No.  1,  the  simplest  approach  to  the  problem  is  a 
solution  similar  to  that  used  in  Appendix  C  where  the  graphical  repre¬ 
sentation  of  the  bandwidths  makes  the  calculations  straight  forward. 
Since  the  noise  power  density  will  not  be  constant,  the  output  tana  must 
be  divided  into  segments  and  then  recombined  after  the  noise  power  in 
each  segnent  has  been  calculated. 


PART  THREE  —  SYSTEM  SENSITIVITY 

VI.  GENERAL  CLASSIFICATION  OF  RECEIVER 
AND  DETECTION  SYSTEMS 

file  procedure  used  to  calculate  the  over-all  sensitivity  of  n 
receiving  system  can  be  divided  into  two  parts.  The  first  of  these  is 
the  determination  of  the  magnitudes  of  the  noise  power  associated  with 
the  pre-detection  and  post-detection  portions  of  the  system,  considered 
separately i  The  second  part  of  the  calculation  combines  the  pre¬ 
detection  and  post-detection  noise  at  an  appropriate  point*  the  input 
to  the  detector*  and  determines  the  minimum  detectable  signal. 

During  the  first  phase  of  the  calculations,  all  receiver  systems 
separate  into  two  natural  groups: 

1.  The  simple  detector  receivers  (e.g.,  a  simple  crystal-video 
receiver) i 

2.  Receiver  with  linear  amplification  of  the  signal  preceding  the 
detector  (e.g. ,  a  crystal -video  receiver  with  r-f  preamplification,  a 
superheterodyne  receiver*  or  a  trf  receiver) i 

The  only  differences  among  the  methods  of  calculation  required  for 
different  types  of  receivers  within  each  group  are  occasioned  by  the 
possible  difficulty  involved  with  "image  channel"  noise  in  the  super¬ 
heterodyne  receiver. 

For  the  second  phase, the  calculation  of  the  minimum  detectable 
signal,  the  previous  classification  of  the  system  is  ignored  and  it  how 
falls  into  one  of  three  categories: 

1.  Pre-detection  ana  post -detection  noise  contributions  are  com¬ 
parable,  and  both  must  be  considered. 

2  Pro -detection  noise  is  much  greater  than  post-detection  noise, 

and  post -detection  noise  may  be  ignored. 

3.  Post-detection  noise  is  much  greater  than  pre-detection  noise, 
and  pre -detection  noise  may  be  ignored. 

Different  techniques  are  required  to  determine  the  system  sensitivity, 
depending  upon  which  of  the  three  above  categories  describe  the  system 
noise  performance. 


In  Part  Three  of  this  report  the  nature  of  the  calculations  necessary 
to  determine  the  system  sensitivity  will  be  explained  by  the  use  of  gen¬ 
eral  examples  covering  the  crystal -video  receiver  with  and  without  r-f 
preamplification,  and  the  superheterodyne  receiver.  In  the  calculation 
to  determine  the  minimum  detectable  signal  it  is  assumed  that  the  detector 
can  be  described  by  a  square -law  characteristic.  This  assumption  is 
valid  for  nearly  all  detectors  in  their  small-signal  region. 


VII,  'HIE  SIMPLE  DETECTOR  -  THE  CRYSTAL-VIDEO  RECEIVER 

A.  INTRODUCTION 


The  simple  detector  receiver  may  take  many  forms  from  the  iron- 
oxide  reciiiier  or  safety-pin  and  x^ior-bluie  detector  to  the  highly 
plex  traveling -wave -tube  detector.  Perhaps  one  of  the  most  familiar 


form;-  of  this  type  of  receiver  is  the  crystal -video  microwave  receiver 
using  a  specially  designed  detector  crystal  followed  by  a  video  amplifier 


with  a  bandwidth  suitable  for  pulse  reproduction. 

The  simple  crystal -video  receiver  consists  of  a  crystal  detector 
followed  by  a  suitable  video  amplifier.  R-f  selectivity  can  be  provided 
if  desired  by  means  of  tuned  circuits  ahead  of  the  detector,  and  the 
system  might  be  as  shown  in  Fig.  7.1(a),  This  system  would  be  satisfactory 
for  receiving  pulsed  signals  by  detecting  the  video  components  of  the 
spectrum  of  these  signals  ih  the  cry:  Lai  detector.  The  detector  has  been 
labeled  a  square-law  device,  since  it  follows  a  square -law  characteristic 
at  small-signal  levels,  and  the  small-signal  region  is  of  primary  inter¬ 
est.  If  it  is  desired  to  use  this  system  for  the  detection  of  c-w 
signals  also,  one  method  that  can  be  used  is  to  introduce  a  modulator 
preceding  the  detector  so  that  video  components  will  be  present  in  the 
detector  input  signal  when  a  c-w  signal  is  received.  See  Fig.  7.1(b). 

As  will  be  seen  later,  the  use  of  an  r-f  preselector  will  not  nor¬ 
mally  improve  the  sensitivity  of  this  type  of  receiver,  since  the  noise 
level  is  set  by  the  crystal  detector.  Although  the  presence  of  an  r-f 
preselector  narrows  the  r-f  bandwidth  and,  hence,  reduces  the  input 
noise  power  from  the  source,  the  excess  noise  of  present  crystal  detec¬ 


tors  is  usually  predominant. 


B.  NOISE  FIGURE  AND  EFFECTIVE  BANDWIDTH 


In  referring  to  crystal  detectors, 
"noise  temperature"  are  not  used,  since 
linear  elements.  Rather,  the  ser.sit: 


the  terms  "noise  figure"  and 
these  terns  can  be  applied  only 
vity  of  the  detector  with  a  given 


bandwidth  Is  used:  this  sensiti*. 
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FIG.  7.1.  Block  diagrams  of  crystal  video  receivers. 

is  the  amount  of  input  signal  power  necessary  to  equal  the  detector- 
amplifier  excess  noise  power,  referred  to  the  input  of  the  detector. 

Tne  equivalent  input  noise  power  of  the  detector-amplifier  is  specified 
as  Sv.  Therefore,  if  the  input  signal  has  a  power  equal  to  the  value  of 
S  ,  the  system  output  signal -to-noise  ratio  will  be  unity.  Within  certain 
limits  it  is  possible  to  calculate  the  sensitivity  of  a  particular 
detector-amplifier  combination  for  some  video  bandwidth  other  than  that 
used  for  the  test  measurements »  (See  Appendix  A;) 

Another  term  that  does  not  have  any  significance  for  this  particular 
network  element  is  the  "system  effective  bandwidth".  In  the  simple 
crystal -video  receiver  the  only  "pre-detector  noise"  will  be  the  small 
amount  attributed  to  the  source  and  to  the  r-f  preselector.  The  post- 
detection  noise  generated  in  the  crystal  detector  and  the  video-amplifier 
will  be  much  greater  than  the  pre-detection  noise,  and  in  this  situation 
it  is  impossible  to  determine  an  effective  bandwidth.  It  might  be  well 
to  mention  that  for  any  type  of  system  there  is  an  "effective  bandwidth” 
only  If  the  post-detection  noise  contribution  can  be  neglected  complete! 


FIG.  7-2.  Equivalent  block  diagram  of  crystal  video  receiver 
with  r- f  preselection. 

C.  EQUIVALENT  BLOCK  DIAGRAM 


To  make  the  chosen  approach  as  general  as  possible,  and  similar  for 
both  major  classes  of  receivers,  the  simple  crystal -video  system  miy  be 
represented  as  a  combination  of  ideal  devices  and  excess-noise  gener¬ 
ators.  The  antenna  and  transmission  line  are  not  shown  as  they  have 
been  treated  separately .  This  method  of  portraying  the  system  is  some¬ 
what  unusual,  but  it  will  serve  to  bring  out  several  important  points 
and  techniques. 

From  the  measurements  of  the  detector/video-amplifier  sensitivity, 
Sj  it  is  possible  to  determine  the  *otai  excess-noire  power  of  this 
combination,  referred  to  the  detector  input.  This  is  shown  as  an  excess- 
noise  generator  at  the  detector  input.  Also  shown  is  an  excess-noise 
generator  for  the  preselector;  and  there  would  be  one  for  the  modulator 
also  if  one  were  used.  See  Fig.  7.2. 

In  the  expression  for  the  power  output  of  the  exceSs-noise  gener¬ 
ator  for  the  preselector,  as  well  as  in  the  expression  lor  tn£  inpuv 


noise  power  free  the  source,  an  affective  bandwidth  is  used.  It  is 
necessary  Lo  use  so m:  bandwidth  to  determine  the  total  noise  power;  how¬ 
ever,  this  is  not  the  effective  bandwidth  as  defined  in  Section  1,1-0. 1, 
the  bandwidth  used  with  the  system  r.oisa  factor  to  obtain  the  system 


+RS  r*»  V*?  Tft  fttl  rt  1  Wft-n  SatkOi*  ?  t  1 1 
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used  only  to  specify  the  total  noise  power  output  of  the  linear  system 
at  tne  input  terminals  of  the  detector.  The  exact  value  of  B'  is  not 

-Sk  -  i  gf^ 

Ql  interest,  since  it  is  never  used  in  the  calculation  of  the  sensitivity 
of  the  simple  crystal -video  system. 


D-  LIMITATIONS  CN  SSNSITIVIfi 


As  was  mentioned  earlier,  it  will  he  found  that  the  sensitivity  of 
this  system  will  be  set  by  the  detector-amplifier  noise  for  all  present^ 
day  c.ystai  detectors,  upon  e -loser  examination  it  is  found  that,  in  the 
present  state  of  the  art,  the  noise  contributions  of  the  crystal  and  that 
of  the  video  amplifier  -re  typically  of  the  same  order  of  magnitude. 

This  means  that  an  effort  to  improve  the  sensitivity  by  any  great  amount 
^^uirs  ^.mprov^nont  of  both  comDonsn'ts . 


VIII.  RECEIVERS  WITH  LINEAR  AMPLIFICATION  PRECEDING  THE  DETECTOR 


A.  INTRODUCTION 


The  second  general  class  of  receivers  includes  those  r.hat  nave  active 
linear  networks,  preceding  the  detector,  that  amplify  the  incoming  signal 
as  well  as  amplify  input  noise  from  the  source  and  introduce  excess  noise 
themselves.  There  are  many  examples  of  this  type  of  system  as  well  as 
numerous  variations  of  each.  In  this  section  only  two  specific  examples 
will  be  considered;  the  crystal -video  system  with  r-f  precmplif i cation, 
and  the  superheterodyne  system. 

The  techniques  leading  to  the  desired  intermediate  result,  the  noise 
power  density  of  the  linear  system  output,  are  almost  identical  for  the 
two  examples  chosen,  ahd  for  any  system  that  falls  into  this  broad  class. 
There  are  several  difficulties  that  may  arise,  such  as  the  image  response 
of  the  superheterodyne  receiver,  that  are  peculiar  to  a  given  configur¬ 
ation;  however,  it  wiU  be  possible  to  mention  only  a  few  of  these. 


B.  CRYSTAL-VIDEO  RECEIVES  WITH  R-F  PRSAMPLIFICATION 


1.  INTRODUCTION.  It  is  possible  to  use  an  f-f  preamplifier  with 
the  simple  crystal -video  receiver,  to  increase  the  system  sensitivity  by 
amplifying  the  incoming  signal.  Of  course,  the  use  of  a  preamplifier 
will  also  introduce  excess  noise  which  will  set  a  limit  on  the  ultimate 
sensitivity  that  can  be  obtained.  There  are  two  particular  configurations 
of  the  crystal-video  system  with  pre amplification  that  are  of  great 
interest  in  this  study.  The  first  of  these  is  merely  a  fixed -frequency 
r-f  preamplifier  that  has  a  wide  acceptance  band,  permitting  the  monitor¬ 
ing  of  a  large  r-f  bandwidth  with  no  frequency  resolution  within  the 
band.  The  second  configuration  of  interest  is  a  receiver  using  a  narrow- 
band  preamplifier  that  is  tuned  across  the  total  bandwidth  to  be  observed. 
This  is  known  as  the  "sweeping-filter  receiver"  and  is 
common  tuncd-radio-freauency  receiver. 


a  form  of  the 


2.  EQUIVALENT  BLOCK  DIAGRAM.  The  crystal-video  system  with  r-f 
preamplification  say  be  represented  by  the  block  diagram  Shewn  in  Fig. 
6.1(a;.  using  the  technique  described  in  the  preceding  section,  the 
noise  power  introduced  by  the  detector-amplifier  combination  say  be  re¬ 
ferred  to  the  input  tens! rials  of  the  detector.  Then,  using  standard 
techniques  for  linear  networks,  the  excess  noise  for  the  preamplifier 
can  be  referred  to  the  input  terminals  of  the  preselector  when' the  pre- 

A“  "  ey  a  gam,  randwiata,  and  noise  figure.  See 

Fig.  3.1(b). 

One  quantity  of  interest  is  the  noise  factor  of  the  linear  portion 
of  this  receiver,  which  will  be  used  to  obtain  the  noise  Power  density 
at  the  detector  input.  Using  the  earlier  work  on  cascaded  networks, 
this  quantity  can  be  derived  directly. 


P  =  T?  j. 

L  *PA 


<*§3  -  i) 


(3*1) 


where  =  noise  factor  of  the  linear  portion  of  the  system  from  the 
receiver  input  terminals  to  the  detector  input. 


R-f  pre- 
*»PurtEf 


signal 


JR-f  -ae  * 
SELECTOR 


SOUArE-LAI 

crystal 

DETECTOR 


j  VIDEO 
I  AMPLIFIER 


CAj  GENERAL  SLOCK  DIAGRAM. 


indicator! 


IDEAL  NOISE- 
-  LESS  R-F  PRE- 
I,*,  AMPLIFIER 


(EXCESS-NOISE 


GENERATOR 

'FPA-5!«f= 


ideal  noise¬ 
less  R-F  PR§ 
SELECTOR 


EXCESS-NOISE 

generator 

«F?s-J1*73 

®Cit 


ideal  noise¬ 
less  crystal 
detector 


ideal  nose 

LESS  VIDEO 
AMPLIFIER 


NOISE- j 
VIDEO 
FJER  j 


excess-noise  Generator 


fSI  tOUl VALENT  BLOCK  DIAGRAMS  SHOWING  NOISE  SOURCES. 
IG.  3.1.  Crystal  video  receiver  with  r-f  preamp! ificati on. 


M4i  |'„1*  '  |'t|'  l||l 


preselector  have  the  same  bandwidth  or  that  the  bandwidth  of  the  pre¬ 
selector  is  less,  and  it  is  this  smaller  value  that  determines  the  r-f 
bandwidth.  The  latter  situation  is  that  encountered  in  wideband  traveling' 
wave -tube  preamplifiers. 

The  noise  figure  representation  of  the  excess-noise  generators  is 
shown  in  Fig.  8.3(a),  and  in  Fig.  8.3(b)  the  excess-noise  generator- 
associated  with  the  mixer  has  its  power  output  specified,  using  the  noise 
temperature  ratio  of  the  mixer. 

The  over-all  linear  system  noise  figure  is  given  by  the  expression 


F  =  F  + 
L  PS 


<fm  - 1>.  <Fif  -  « 


OOS 


G  G 
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where  F  =  effective  over-all  noise  factor  of  the  lin..  •  system. 

x. 

Using  the  noise  temperature  ratio  as  illustrated  in  Fig.  8.2(b), 
the  system  noise  factor  is  now 


F  =  F  + 

XJ  xu 


t  +  F_„  -  1  -  G, 
rfa  xr _ OM 

Gops  °0M 


or,  using  the  more  common  conversion  loss  of  the  mixer. 

Hi =  g~; 


(8.3) 


the  system  noise  factor  now  becomes: 


1-1  ( . 

PS  ’  „  V  trM  +  rIF 
Jops 
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b .  The  s-aperhoterodyne  receiver  with  r-f  preamplification. 

The  equivalent  bloc'x  diagrams,  with  noise  figures,  are  shown  in  Fig.  8.U. 
Now  the  linear  system  noise  factor  is  changed  b;-  adding  the  preamplifier 
noise  factor: 
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(A)  USING  NOISE  FACTORS  F  ONLY. 


IB!  USING  NOISE  FACTORS  F  EXCEPT  FOR  THE  MIXER. 
WHICH  USES  THE  NOISE  TEMPERATURE  RATIO  TR. 


FIG.  8.3. 


Equi’alent  block  diagrams  of 
portion  of  a  superheterodyne 
preampli  fication. 


the  linear  predetection 
receiver  without  r-f 
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FIG.  8-4-  Equivalent  block  diagram  of  the  linear  predetection 
portion  of  a  superheterodyne  receiver  with  r-f 
preamplification. 
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where  Fpg  =  the  noise  factor  of  the  preselector/mixer  i-f  amplifier 
combination  as  calculated  above  when  no  preamplification  was  considered. 


D.  IMPORTANT  CHARACTERISTICS  OF  THE  LINEAR  SYSTEM 


One  of  the  two  ' haracteristics  of  the  linear  portion  of  the  receiver 
system  that  will  be  essential  to  determining  the  system  sensitivity, 
namely  the  linear  system  noise  factor,  has  now  been  determined.  The 
value  of  this  parameter  is  obtained  from  the  noise  factors  of  the  indivi¬ 
dual  stages  as  well  as  their  gains.  It  should  be  obvious  that  certain 
situations  such  as  high  gain  and  high  noise  factor  in  the  preamplifier 
of  the  superheterodyne  can  make  the  noise  factor  of  the  linear  system 
be  approximately  the  same  as  that  of  the  first  r*tive  stags.  The  other 


important  characteristic  has  been  used  in  each  block  diagram,  but  only 
mentioned  lightly.  This  is  the  effective  bandwidth. 

The  effective  bandwidth  of  the  linear  system,  has  been  used 

in  each  excess-noise  generator  to  specify  the  noise  power  output  of 
that  device.  How  to  evaluate  this  bandwidth  will  be  discussed  later, 
as  well  as  how  to  determine  if  the  linear  system  effective  bandwidth  is 
the  same  as  that  of  the  entire  receiver, 
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IX.  CALCULATION  OF  SYSTEM  SENSITIVITY 


A.  INTRODUCTION 


Hie  key  to  calculation  of  the  system  sensitivity  of  the  receiver  is 
the  examination  of  all  noise  and  signal  powers  at  the  input  to  the 
detector.  Here  there  is  a  logical  dividing  point  in  the  receiver,  with 
a  linear  system  on  one  side  and  a  nonlinear  system  on  the  other.  In 
fact,  it  is  impossible  to  find  any  other  point  in  the  system  where  the 
calculation  can  be  made  with  any  degree  of  facility.  Hie  linear-system 
noise  cannot  be  referred  to  any  point  in  the  detector-video  amplifier 
nor  can  the  detector-amplifier  noise  be  referred  back  into  the  linear 
system,  for  the  over-ail  system  effective  bandwidth  will  not  be  known 
until  after  the  sensitivity  calculations  have  been  completed. 


B.  COMPARISON  OF  PRE-DETECTOR  AND  POST-DETECTOR  NOISE  POWER  DENSITIES 


1.  INTRODUCTION.  Before  it  is  possible  to  determine  the  sensitivity 
of  the  system  it  must  first  be  determined  whether  the  detector/ video - 
amplifier  excess-noise  power  is  significant  when  compared  to  the  linear- 
system  noise  power  at  the  detector  input.  This  is  a  very  simple  state¬ 
ment  to  make;  however,  it  cannot  be  executed  quite  so  easily.  The  problem 
arises  as  to  what  the  system  effective  bandwidth  is  so  that  the  linear- 
system  noise  power  may  be  calculated. 

This  problem  can  be  circumvented  by  first  calculating  the  noise 
power  density,  at  the  detector  input,  attributed  to  the  linear  system. 

Then  an  approximate  noise  power  density  will  be  determined  for  that  part 
of  the  noise  power  attributed  to  detector-amplifier  excess  noise.  These 
two  densities  can  then  be  compared,  and  it  will  be  possible  to  decide 
whether  the  detector  noise  should  be  considered. 

2.  LINEAR-SYSTEM  OUTPUT-NOISE  POWER  DENSITY.  In  the  descirption  of 
the  equivalent  block  diagram  of  each  system  it  was  shown  how  to  obtain 
the  noise  factor  for  the  linear  portion  of  the  system  by  very  straighi- 
forward  methods. 


for  image  response.  See  Appendix  C. 


AO 


Referring  to  the  tables  appearing  earlier  in  this  report,  it  is  seen 
that  the  output  noise  power  density,  with  a  source  at  some  temperature 
C’.her  than  the  standard,  is  given  by  the  following  expression: 

F  kT  Gn  (9.1) 

s  so 

where  k  =  Boltzmann's  constant 

T  =  source  temperature,  °K 
s 

G  =  over-all  gain 

_0 

F  =  effective  noise  factor , 

s 

The  noise  factor  calculated  earlier  for  the  linear  system  was  the 

o 

noise  factor  referred  to  the  standard  temperature,  290  K.  Now,  this 
must  be  converted  to  the  source  temperature  reference: 

F  »  1  «■  (F  -  1)  -£  (9.2) 

Ts 

where  F  =  noise  factor  referred  to  the  standard  temperature 
TQ  =  standard  temperature,  290°K. 

However,  the  source  temperature  may  not  be  known.  Physically,  it 
is  the  apparent  temperature  presented  by  the  combination  of  the  antenna 
and  the  transmission  line  system  at  the  input  terminals  to  the  receiver. 
The  equivalent  temperature  of  the  antenna  is  discussed  at  length  in 
Part.  Two  of  this  report.  All  that  is  necessary  is  to  transfer®  this 
’’temperature"  through  a  lossy  element,  the  transmission  line  system. 

There  are  a  number  of  ways  this  could  be  acne,  but  the  simplest  approach 
is  the-  same  technique  as  that  used  for  the  antenna  with  losses.  There  is 
a  transmission  line  with  a  gain  of  G_,  and  it  is  at  the  ambient  temper- 

JLij 

ature.  Then  the  source  temperature  seen  by  the  receiver,  Tg,  is  given 
by  the  following  expression: 


=  v— +  u  -  ;■  T  . 

it,  A  TL  amb 


!,  =  apparent  antenna  temperature . 

n 


where 


Now,  all  r.he  values  necessary  to  calculate  the  desired  noise  power 
density  by  the  formula  given  below  are  known. 

D  =  (watts/ cycle)  (5-*0 

where  D  =  noise  power  density  at  the  detector  input  terminals  attri¬ 
buted  to  the  linear  system  output  noise 

G,t  -  gain  of  the  linear  system  from  the  receiver  input  terminals 
to  the  detector  input. 

3.  BETECTOF./V IDSO -AMPLIFIER  NOISE-POWER  DENSITY 

a.  Introduction.  In  the  discussion  of  the  simple  crystal- 
video  system  in  Section  VII  it  was  poiiiled  out  that  the  detector-amplifier 
excess  noise  referred  to  the  detector  input  is  obtained  by  measuring  the 
minimum  detectable  signal  power  at  the  detector  input.  This  is  done  for 

a  particular  crystal,  crystal  holder,  crystal  bias,  video  amplifier  and 
video  bandwidth;  and  the  value  obtained  applies  only  with  these  parti¬ 
cular  components  under  the  test  conditions,  except  that  the  video  band¬ 
width  can  be  varied  over  a  small  range  and  a  new  value  calculated.  {See 
Appendix  A. } 

The  value  obtained  for  the  excess  noise  of  the  detector-amplifier 
combination  is  a  r.oise  power.  Before  it  is  possible  to  calculate  the 
equivalent  detector  noise-power  density,  D  ,  to  compare  with  the  linear- 
system  noise-power  density,  D,  it  is  necessary  to  determine  a  value  to 
use  for  the  effective  bandwidth. 

b.  Effective  bandwidth.  As  was  stated  earlier,  an  effective 
bandwidth  exists  for  a  system  only  if  the  noise  in  the  linear  system  is 
the  governing  factor  in  the  over-all  system  sensitivity  and  if  it  is 
possible  to  completely  neglect  the  detector/ video-amplifier  noise. 

1A 

Grigsby^7  has  examined  this  problem  at  length  and  obtained  values  for 
the  affective  bandwidth  ror  both  c-v  and  pulse  signals. 

Since  the  detector  is  a  square-law  device,  the  output  will  contain 
resulting  from  three  cross  multiplications: 

(1)  (signal)  x  (signal) 

(2)  (noise)  x  (noise) 

(3)  (signal)  x  (noise). 
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terms 


Because  of  the  "dual  nature”  of  the  third  term  it  might  he  included  as 
either  noise  or  signal  ir,  the  signal-to-noise  ratio  or  it  may  he  neglected 
completely,  giving  rise  to  three  expressions  for  the  output  signal-to- 
noise  ratio: 


(I) 


1 2', 


(3) 


•as) 


\ n  x  n) 


(s  x  sj  -t-  (s  x  n) 
(n  x  n)  - 

(s  X  s)_  _ 

(s  x  n)  +  (n  x  n) 


Eefore  proceeding  any  further  with  the  calculations,  it  is  necessary  to 
decide  which  one  of  these  definitions  for  the  signal-to-noise  ratio  will 
apply  to  the  particular  ease  under  Consideration.  Once  this  decision 
is  made,  all  remaining  work  must  be  consistant  with  it. 

The  effective  oandwloths  for  pulse  signals  for  each  case,  respectively, 

are : 


(1) 

(a) 


(3) 


(s  X  s) 
(n  x  ft) 


(s  x  s)  +.(s  x  n) 


L 

(n  x  n) 

r_ 

(s  x  s) 

(s  x  n)  +  (n  x  n) 


B  =  (2b  b  -  b2^2 
eff  1  LV  V' 

:  B  =  (2b  b  +  3fc2)^/2.  ob 
eff  1  LV  JV  V 


:  B 


=  <2Vv  +  3bv)V2+  2bV 


where  b„  =  video  bandwidth 

■/ 

bT  =  linear-system  output  bandwidth  . 

In  the  equations  above,  the  following  restrictions  apply: 


(9-5) 

(9-6) 


fn  - 
\J*  i 


and 


2b„  <  b„ 


by  ~  l/( pulse  length) 


(9-6) 

(9-9) 


If 


2hT  »  5\ 


then  all  of  the  effective  Lsndwidths  for  pulse  signals  reduce  to 


(9-10) 


/s  1 1  *1 
\  7  •-■”»■/ 


Bcff  *  !S5L6V> 


1/2 


His  c-v  case  is  not  of  as  much  interest}  however,  it  is  possible 
to  obtain  an  effective  bandwidth  here  also. 


r 


is  x  s)  +  (s  x 
(n  x  n) 


eff 


=  2'°LbV 


/a  t  a\ 

\y-~i 


Note  than  there  is  no  square  root  here. 

c.  Detector  noise-power  density.  Having  chosen  the  desired 
definition  for  the  signai-to-noise  ratio,  and  calculated  the  effective 
bandwidth  applicable,  it  is  possible  to  determine  an  approximate  value 
for  the  effective  noise-power  density  attributed  to  detector-amplifier 


noise. 


(?*13) 


Now  compare  the  two  noise  power  densities  and  determine  which  of 
three  procedures  to  follow, 

(1)  D  ~  D:  Consider  both  linear  system  anu  detector  noise 

(a)  D  «  D:  Consider  only  linear  system  noise 
e 

(3)  »  D:  Consider  only  detector  noise. 

Up  to  this  point,  the  calculations  have  involved  i~sny  additions 
and  subtractions,  and  the  use  of  logarithms  and  decibels  would  have  only 
complicated  the  problem  rather  tha"  simplified  it.  From  here  on,  most 
of  the  operations  entail  multiplication  or  division  and  the  application 
of  logarithms  will  be  very  useful. 

The  detector  sensitivity,  S^,  is  normally  given  in  dba  so  the 
following  expression  can  be  used  to  obtain  in  dbm. 


)  -  10  10E,„B  „,J  (dbm) 

iy  eH 


to  octsin  ^ 


dim,  use  the  following: 


D  =  10  lOi 


jl\* 


10  log* 


10  leg, 


o  o 


if  the  Bej.f  used  above  In  Eq.  (g.14)  was  In  ops. 


D  =  (10  log^F^-193.6  +  10  iog1QT_  +  10  ioS10G0  ^  ( dbm/ cycle )  (9.16) 

L 

or,  if  B  was  in  Me 
off 


D  =  (10  log10Fs-138.6  +  10  los1£)"s  +  10  ioS10G0  )  (dbi/Mo) 

L 

0.  CALCULATION  OF  MINIMI&!  DETECTA3LE  SIGNAL 


{9.1?} 


1.  REFERRED  TO  DETECTOR  INPUT.  Following  the  steps  outlined 
above,  it  has  been  determined  whether  or  not  to  consider  the  detector 
noise.  Knowing  this,  It  is  possible  to  accurately  calculate  the  signal 
strength  necessary  at  the  input  terminals  of  the  detector  so  that  the 
minimus -detectable -signal  criterion  will  be  net  at  Idle  output  (output 
signal-to-r.r. tse  ratio  equal  to  Unity), 

The  formulas  for  the  three  cases  are  very  easy  to  apply,  since  all 

the  values  needed  have  already  been  calculated.  P'  .  will  define  the 

s  us 

minimisa  detectable  signal  referred  to  tne  detector  input  terminals .  The 
procedures  to  follow  in  each  case  are  as  follows. 

a.  Consider  both  linear-system  and  detector  noise.  For  this 
case,  there  is  a  choice  of  three  formulas  depending  os  which  definition 
was  used  for  the  signal- to-na i  sc  ratio  at  the  output  of  the  detector. 
(See  Appendix  B. )  Tne  definition  used  here  must  be  the  same  as  that 
used  to  determine  D^-  Unfortunately,  logarithms  and  decibels  cannot  be 
’•sed  here. 


sin 


Lbv-b®)+S®}1/f2(  watts  ) 


p» 

*s  sin 


,  H  , 

TV 


(9.18} 


(9.19) 


(3)  1  7— -  1  :  ?•  .  4D2(2b/\,-j£J®}43S]1/2-t2TOv  {«atts} 

i  r.xn  t  +  (nxn)j  s  mm  i,  V  v  x  J 


b.  Consider  only  linear  system  noise. 


(watts) 


(9-21) 


ft  min  ’  10  log10D  +  10  log10Beff  (dbl) 


(9.22) 


Here  there  is  no  prime  on  the  effective  bandwidth*  for  it  applies  to  the 
entire  system. 


Consider  only  detector  noise. 


P«  ,  =  S  idbaJ 

s  sin  x 


(9-23) 


ire  last  two  cases  lend  themselves  to  the  use  of  logarithms  arid  it 

will  be  assured  that  P*  ,  is  in  dfcm  in  the  next  step. 

s  min 

S.  REFERRED  TO  RECEIVE  INPUT.  Although  the  minimum  detectable 
signal  at  the  detector  input  is  knows*  the  system  sensitivity  has  still 
not  been  obtained.  If  the  system  refers  only  to  the  receiver  itself. 


p  =  P* 

's  min  *s  tsin 


-  10  log^  Gol  (dim)  C«.2Zf) 


Hie  antenna  may  also  be  considered  an  integral  part  of  the  system 
and  the  resulting  sensitivity  desired  Is  the  ’wave  front"  power  required 
for  a  minimum  detectable  signal. 

?UP  -  GA^  -  S*  -  10  lot  A  (9.25) 

"4  tti*  im  S  M4i(  Oil-  vii  Xw 

where  P^,  =  power  la  wave  front  per  unit  area,  for  minimum  detectable 

"  5‘  signal  in  dta  per  unit  area 

A  =  capture  area  of  th#  antenna;  same  units  of  area  as 


=  transmission  line  lain  in  db 


GJL  =  actual  measured  antenna  gain  in  db 


B.  SUMMARY  CF  SaooSTunE  TO  CALCULATE  SYSTEM  SENS  ITT/ IF/ 

I-  Detenslne  the  noise  factor  of  the  linear  system  from  the  receiver 
input  terminals  to  the  detector  innut: 


2.  Using  the  standard  noise  es«**m*  rw-  5{„ 

.  t0‘  04  the  linear  system  and  the 

appa._,.t  source  temperature,  calculate  th*>  < 

— 6  T'ne  effective  noise  factor  of  the 

linear  system: 


?sL  =  1  *  (F  -  1)  £ 

T 

s 


(n  o£S 

W*-v; 


.  , 3‘  ®lnS  tfiS  effeCtiVC  Soisc  aet ermine  the  noise  power 

tQ  thS  Unear  sy=tfia  ^erred  to  the  detector  input; 


D  =  F  .  kT  G_ 


(9-27) 
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t.  B»  oolec  poMf  of  the  detcctor/video-aapiifier  ec*bln 
aUO”'  rer"-J  «  *W*.  obteieed  f  J  L  d«. 


5.  rae  <*«««o„  for  the  oi^-to-hotte  ra£io  ls  ell0=en>  ^  „ 
opproxinate  value  for  the  equlveleot  aolse.po.er  dcasitj  doc  to  the 
detector-amplifier  combination  is  calculated: 

r  - 1 
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o*  ror  b£fi  c&ss  for  ^hlch  B  ^  D,  tfe  gggtg  soiso  f^tor  is 
as  the  one  that  a~s«ihes  the  perforssnee  of  the  linear  oortion  of 
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Danffliieth  ?ivcn  by  one  of  three  equations  again  dependent  on  the  definition 
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ror  «bL  >•>  ail  three  equations  reiace  to 


PARI’  FOUR  —  SUMMARY 


X.  SUMM'i.i  ?  CONCLUSIONS 

Two  main  topics  have  been  covered  in  this  report:  a  unified  des¬ 
cription  of  the  various  terms  used  to  describe  the  "noiseness"  of  a  net¬ 
work  and  a  general  technique  for  xhe  calculation  of  system  sensitivity. 

The  coverage  of  the  "noise  .mperatures"  is  believed  to  be  unique  in 
this  field,  and  is  an  attempt  to  bring  some  semblance  of  order  into  an 
extremely  confusing  subject.  The  definition  of  each  noise  temperature 
giving  its  physical  significance  will  enable  the  systems  engineer  to 
better  understand  the  meaning  of  each,  and  the  conversion  chart  and 
other  tables  presented  here  will  greatly  assist  him  in  their  use. 

The  calculation  of  the  system  sensitivity  of  receiver  systems  is 
presented  in  such  a  way  that  ar.y  configuration  can  be  examined  using 
the  same  general  principles.  It  should  be  immediately  obvious  that  this 
treatment  is  not  confined  solely  to  receiver  systems  but  is  equally 
applicable  to  many  other  signal  detection  systems.  One  of  the  purposes 
of  this  part  of  the  study  was  to  bring  together  into  one  reference  much 
of  the  material  presently  available  only  in  specialized  sources.  When¬ 
ever  a  project  such  as  this  is  attempted  the  author  is  in  great  danger 
of  omitting  many  important  topics  that  should  have  been  included.  In 
this  vastly  complicated  subject  this  is  certainly  trie,  and  this  author 
only  Slopes  that  the  shortcomings  of  this  study  motivate  others  to  complete 
more  adequate  treatments  of  the  subject.  Before  it  is  possible  to  suggest 
simplifications  to  any  procedure  presently  in  use  it  is  essential  to 
understand  fully  all  of  the  facets  of  the  problem.  A  work  such  as  this 
is  only  the  first  step  in  this  direction. 

Part  Three  of  this  report  on  systems  sensitivity  should  certainly 
lead  to  further  work  on  the  subject.  However,  Part  Two  or.  noise  terms 
is  probably  complete  as  it  is;  and  it  might  well  serve  as  a  signal  to 
halt  furuner  work  on  this  topic  since  the  introduction  of  more  terms  can 
do  little  more  than  further  confuse  this  already  chaotic  phase  of 
systems  analysis. 
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APPENDIX  A.  VAHIATION  OP  DETECTOR/ VIDEO -AMI’LI  PI  EH 
SENSITIVITY  WITH  VIDEO  BANDWIDTH 

The  deteotor/video-amplifier  sensitivity,  8  ,  la  a  characteristic 

A 

that  la  obtained  by  direct  mensurosent  of  the  sensitivity  of  a  given 
detector  ami  video  amplifier  combination.  It  may  be  desirable  to  obtain 
an  estimate  of  what  Sx  will  be  for  a  video  bandwidth  other  than  that 
used  for  the  original  measurement.  Thin  can  be  done  as  follow,;,  assuming 
that  the  same  video  amplifier  is  used  and  only  the  video  bandwidth  la 
changed  (amplifier  noiso  factor  stays  the  same). 

Sx  iu  the  total  excess-noise  power  of  the  detector  and  video 
amplifier  referred  to  the  detector  input. 

2 

KSx  iu  the  total  exccss-noise  power  referred  to  the  amplifier  out¬ 
put  where  K  is  a  constant  describing  the  gain  characteristic  of  the 
detector  and  video  amplifier  combined. 


If  it  is  assumed  that  this  total  output  noise  power  is  uniformly 
distributed  over  the  video  pasebtuul,  the  noise  power  density  at  the  out¬ 
put  is  ^ 

KS^  e —  (A.l) 

x  vM 


where  b  ■  video  bandwidth  used  in  measuring  S 

VM  X 

For  a  different  video  bandwidth,  by,  the  total  noise  power  at  the 
output  will  be 


KS' 


2  \ 


(a. a) 


Or  referred  back  to  the  input,  the  sensitivity,  Sx,  with  the  new 
video  bundwidth,  by,  is  now 


(A. 3) 
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Thl<»  r«lntlonehlp  may  bw  ueed  for  rotlmating  the  new  oensitivlty. 
It  may  bacon*  inaccurate  If  there  io  a  vary  lurg*  change  In  th*  video 
bandwidth,  for  th*  annumptlon  of  uniformly  dlotributed  nolo*  power  In 
th*  output  nay  not  apply. 


At’f’KNDIX  B.  MlNiMUM  DETECTABLE  SIONAL,  CONS I  DENI  NO  BOTH 
DETECTOH  AND  ITtEAMPLIPIEK  H01UB 


Following  the  oame  technique  no  Urlgaby  and  olhora,  it  la  possible 
to  datenslno  the  power  requirement  for  the  minimum  dotectable  signal 
(output  oignal-to-noios  ratio  equal  to  one)  for  tho  caoe  in  which  the 
(letector-nmpll  Tier  and  the  linear  o.votem  nnin*  powers,  referred  to  the 
detector  input,  are  of  the  same  order  of  magnitude  and  both  must  be 
considered. 

The  form  obtained  for  the  unuvor  indicates  that  there  might  be  an 
"effective  bandwidth"  for  the  system,  but  this  is  not  true,  since  Sx 
also  nppcurs  in  the  results,  and  this  quantity  cannot  be  expressed  by 
the  use  of  any  bandwidth. 

Consider  only  the  system  shown  below  where  and  represent  the 
output  of  the  linear  portion  of  the  system. 


3, 

SQUARE  *  L  AW 

VIDEO 

50 

...  * 

CRYSTAL 

AMPLIFIER 

Nl 

DETECTOR 

The  detector/video-amplifler  sensitivity,  Sx,  represents  the  signal 
power  required  at  the  input  to  the  detector  to  obtain  an  output  signal- 
to-noioe  ratio  equal  to  unity  when  the  linear  system  noise  con  be  neg¬ 
lected  completely.  Therefore,  Sx  represents  the  total  exceis-noise 
power  of  the  detector/video-araplifier  combination  referred  to  the  detector 
input. 

Let  K  be  a  constant  describing  the  action  of  the  detector  and  video 
amplifier.  (This  result  assumes  that  by  »»  p^ge'^hgth^ 

(o  x  c  ten r)  :  SQ  *  K  (S^)2  (B.l) 
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Tho  total  noloo-power  output  Is  n  combination  of  ♦  >*»  Input  noise 
Nj  and  the  oxeoss  noise  1!^.  The  part  that  can  be  attributed  to  the  in¬ 
put.  nolso  is  therefore  given  by  the  following  expression: 

K[D?(2bjbv  -  b2)]  (B.J?) 


where  D  ■  noloe-power  density  of  N1 . 

When  the  excess  noise  Is  added  to  this  the  total  noise  power  at 
the  output  lo  then 

(n  x  n  term) •  NQ  -  K[D2(2bLby  -  bJ)+S2]  (B.3) 

Considering  only  the  (signal)  x  (signs!)  term  and  the  (noise)  x 
(noise)  term,  the  output  siwial-to-noise  ratio  is  given  below: 


8. 


n0  oy(2bLbv  -  b2)  +  s; 


(B.M 


Setting  thio  equal  to  one,  the  minimum  detectable  signal  power  re¬ 
ferred  to  the  detector  input  is  given  by  the  following  expression: 


P'  . 
s  min 


[D2(abLbv-tJ)+  s2]1/2 


(5-5) 


Including  the  [(signal)  x  (noise)]  term  results  are  as  below  for 
pulse  signals: 


(oxn  term)  :  KltSjDby 


(B.C) 


(sxg)-t-(oxn) 

(nxn) 


P'  , 
a  min 


[D2(2bJbv4.3b2),S^)l/2-2Ubv 


(B.7) 
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nxr.maxn. 


PI  -  (Di?(2bLbv+3b5)48®]i/;?42Dbv  (B.8) 


o  min 


Thu  result#  neglecting  the  [(signal)  x  (noise)]  term#  Is  the  geo* 
metric  mean  of  the  other  two. 
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ArrBNDJX  C.  trFECT  or  IlfnSRMKDlA're-KBBOUKMCY 
IMAGE  BAUD  OH  SYSTEM  NO IBB  FACTOR 


In  tho  mnln  body  of  the  report  the  bandwidtha  of  the  stages  of  the 
system  tire  not  considered  in  detnil  as  they  have  little  uctuul  hearing 
on  the  noise-power  density  nt  the  output.  Thu  situation  to  bo  considered 
now  is  a  case  in  which  the  bandwldths  do  uffect  the  noise-power  density 
through  the  contributions  of  the  noise  power  in  the  image  bands  of  the 
lute  mediate  frequency. 

In  the  frequency  conversion  action  that  takes  place  in  the  mixer  a 
band  of  frequencies  of  the  same  bandwidth  aa  the  1-f  amplifier  is  converted 
In  frequency  to  the  center  frequency  of  the  i-f  stage.  See  Fig.  C.l(a). 
This  conversion  is  accomplished  by  having  the  local  oscillator  generate 
u  frequency  that  differs  from  the  value  of  the  radio -frequency  signal  by 
an  amount  equal  to  the  i-f  center  frequency. 

Whether  the  local  oscillator  frequency  ia  above  or  below  that  of 
the  denlred  r-f  band,  there  is  another  r-f  band,  tne  image  bond,  that 
will  also  be  converted  to  the  center  frequency  of  the  i-f  amplifier. 

The  image  band  will  be  above  or  below  the  local  oscillator  frequency, 
opposite  to  the  desired  r-f  band  and  at  a  distance  in  frequency  equal  to 
the  i-f  center  frequency. 

If  the  r-f  pass  band  provided  in  t.he  atnge  immediately  preceding 
the  mixer  ia  similar  to  that  shown  in  Fig.  C.l(b),  then  there  is  no 
problem  for  there  is  no  excess  noise  aduitted  at  the  image  frequencies 
to  be  converted  to  the  i-f  frequency. 

If,  on  the  other  hand,  the  r-f  selector  puss  band  ia  as  shown  in 
Fig.  0.1(c),  allowance  must  be  made  for  the  extra  noise  present  In  the 
image  band.  Since  nearly  all  preamplifiers  generate  wideband  excess 
noicc,  there  will  be  noise  power  available  at  the  image  frequencies 
even  if  nn  earlier  r-f  selector  hut*  eliminated  any  olgnalo  in  this  band. 

The  same  comments  apply  In  general  even  if  there  is  no  preamplifier. 

An  cxumplo  that  may  point  up  some  or  tho  pitfalls  in  accurate  noise 
calculations  will  be  given  below. 

Assume  that  tho  system  is  no  shown  in  Fig.  C.2(«),  with  the  respec¬ 
tive  bandwidtha  of  the  different  otagoo  being  shown  In  KIg.  C.P(b).  The 
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FIG.  C. 1.  I-F  image- frequency  bands. 
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FIG.  C.2.  Superheterodyne  with  inage-band  acceptance. 

entire  system  is  at  the  standard  temperature,  to  simplify  calculations 

on  the  source  and  the  passive  elements,  but  this  requirement  is  certainly 

not  necessary.  All  bandwidths  shown  are  the  noise  bandvidths.  They 

refer  to  input  signal  pass  bands  and  the  frequency  range  of  the  ouput 

» 

noise  power  due  to  excess  network  noise. 


This  may  be  considered  to  be  a  very  arbitrary  restx*iction,  but  it 
does  apply  in  the  majority  of  cases.  It  might  well  not  be  the  case,  how¬ 
ever,  for  something  3uch  as  a  traveling-wave -tube  amplifier  that  does 
not  include  a  tuned  circuit  in  the  output  us  an  integral  part  of  the 
stage.  As  an  example  of  the  effect  of  having  noise  in  the  output  at  the 
image  frequency,  even  though  the  image  was  not  in  the  pass  band,  consider 
the  first  example  given  in  thio  appendix.  In  this  case  the  noise  factor 
with  Image  i espouse  would  be  given  by  the  following  expression.  Compere 
with  Eq.  (C.13).  (Note  doubling  of  second  term.) 


2(F.-1)  2(P  -1) 


2<FU-1)  (F  -2) 
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The  first  step  lo  the  calculation  of  the  total  output  noise  power 
due  to  Um  desired  r-f  band.  The  different  points  of  interest  will  be 
referred  to  by  letters  shown  In  Pig,  C.C(u). 

For  tho  desired  r-f  bond  (considering  only  that  power  that  will 
eventually  roach  tits  output)  the  following  values  for  the  total  noise 
power  aiys  obtained  at  the  different  points: 


"A" 

'  Wo/i 

(c.l) 

"B" 

’  kToVYo/i  *  V's-1'1 

(c.2) 

"C" 

■  kWo0l%Vi  * 

(c.3) 

"n" 

(V1} 

*  yv1*! 

(C.  4) 

* 

"E" 

♦  =03\Vr3-1,Vo5(Vl),C“5(F’‘11 1 

(c.5) 

* 

Here  the  expression 

"AVV1 

/ 

is  used  as  the  value  for  the  excess  noise  added  by  the  mixer.  This 
mennn  that  it.  la  assumed  that  the  mixer  image  "termination"  is  at  the 
standard  temperature,  i.u.,  "perfectly  matched".  If  this  cannot  be 

assumed,  it  is  necessary  to  treat  the  mixer  noise  by  the  following 
method: 

P  Totul  noi8e“l  ("Excess  noise!  (“Amplified  noise!  [“Amplif led  noise* 

power  output  ■  added  by  the  +  signal  +  Image 

[of  the  mixerj  [_  mixer  J  [_  termination  J  [_  termination 

This  is  the  reason  for  the  quantity  (Fm-2)  that  appears  in  some  of  the 
literature  on  mixers.  Using  the  above  equation,  the  following  is  ob¬ 
tained  for  the  total  noise-power  output. 

N0  "  kT0BM°0M<V2)  +  °Olft  sig  +  °OM^i  image 
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'flio  value  for  the  power  of  the  amplified  source  noise  at  "V"  In 


0  6  °1  °J>  °3  °»<  °i)  °<> 
Using  this,  the  over-nil  noise  figure  is  then 
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This  result  could  have  been  obtained  directly  from  an  extension  of 
the  noise  factor  of  cascaded  networks  as  presented  oarlier,  but  the 
entire  development  was  given  here  to  point  out  the  technique  and  lead 
up  to  the  consideration  of  the  image  noise. 

There  will  be  a  certain  amount  of  noibe  in  the  output  that  can  be 
attributed  to  the  image  band.  11  is  not  necessary  to  start  considering 
the  noise  1.n  the  image  band  until  point  "C"  since  the  second  preamplifier 
stage  was  the  first  stage  to  have  the  image  band  in  its  pass  bnnd,  and 
the  image  appears  in  the  pass  band  of  all  stages  from  there  to  the  mixer. 

Ihe  noise  power  in  the  image  bond  is  then  given  by  the  following 
expressions^  using  the  same  notation  as  above. 


Image  band 
nolce  at  "C" 


■  “oB6loo3(F3-1)  1 


Image  band 
noise  at  "D" 
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At  the  mixer  thin  nolr.e  has  now  been  translated  to  the  1-f  frequency 
ulong  with  the  noise  in  the  desired  band,  but  it  is  important  to  include 


hero  only  the  noioo  that  originated  In  tho  image  bond. 


Image  band 
notao  at  "E" 
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There  la  no  component  of  excess  noise  added  bore  by  the  mixer  since 
that  la  already  included  in  tho  nolae  for  the  desired  band.  The  come 
comment  applies  to  the  i-f  amplifier  output  as  given  below. 


Image  band 
noise  at  "F" 
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Now,  to  find  the  noise  factor  for  the  system,  first  add  the  noise 
in  the  image  to  that  attributed  to  the  desired  band.  After  doing  this 
It  is  found  that  the  over- all  noise  factor  has  a  larger  value. 
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Here,  the  noise  in  the  signal  band  and  that  in  the  image  band  have 
been  considered  separately,  so  that  x,he  value  (F^-2)  is  used  for  the 
excess  noise  added  by  the  mixer.  See  footnote  page  07. 

In  effect,  there  has  occurred  an  approximate  doubling  of  the  noise 
factor  of  stages  3  and  4.  As  explained  above  there  is  no  effect  on 
stages  fi  and  6.  If  the  pass  band  of  the  first  preamplifier  had  included 
all  the  image,  then  the  noise  factor  would  have  been,  by  inspection, 
the  following  value: 
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Continuing  this  one  step  further  would  show  that  unlesa  the  over¬ 
all  noise  factor  is  effectively  determined  by  the  preamplifier  alone  it 
will  never  be  quite  doubled,  even  if  there  is  no  image  rejection. 

To  complicate  the  situation  somewhat,  while  illustrating  that  this 
problem  can  usually  be  solved  by  inspection,  consider  the  situation  where¬ 
in  the  pass  bands  are  as  in  Fig.  C.3(a).  It  would  certainly  be  unusual 
to  be  faced  with  a  problem  such  as  this,  but  it  will  serve  to  illustrate 
the  technique  (this  was  solved  by  inspection). 
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VSeware  of  the  trap  in  a  situation  such  as  shown  in  Fig.  C.3(b). 
Bandwidth  No.  3  effectively  limits  noise  caused  by  stage  No.  2.  Again, 
by  inspection,  the  noise  factor  is  as  below. 
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FIG.  C.3.  Superheterodyne  with  partial  image-band  acceptance. 
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APPENDIX  D.  EFFECT  OF  SWEEPING  LOCAL  OSCILLATOR  ON  SUPERHETERODYNE 
RECEIVER  NOISE  BANDWIDTH  AND  IMAGE  BAND  NOISE 

Consider  now  a  situation  similar  to  that  just  discussed  In  Appendix 
C,  but  in  this  receiver  the  local  oscillator  frequency  will  be  swept 
through  a  range  of  frequencies  in  order  to  permit  the  narrow -band  i-f 
to  be  tuned  to  a  range  of  r-f  frequencies.  See  Fig.  D.l(a).  The  i-f 
bandwidth  will  be  only  a  small  fraction  of  the  total  bandwidth  covered 
by  the  local  oscillator,  F.  Of  course,  there  must  be  an  image  band  just 
as  before,  as  shown  in  Fig.  D.l(b).  Of  particular  interest  are  the 
effects  of  noise  added  by  this  image ;  but  first,  the  effects  of  noise 
in  the  desired  band  will  be  examined. 

While  in  the  sweeping  mode,  there  is  an  apparent  widening  of  the 

3-db  bandwidth  of  the  i-f,  accompanied  by  a  decrease  in  gain  in  respect 

to  the  selectivity  and  amplification  of  signals.  This  effect  has  been 

examined  elsewhere,  but  these  results  do  not  apply  directly  to  the 

19 

problem  of  noise  so  another  approach  must  be  used.  J.  L.  Grigsby  made 
a  thorough  study  of  the  repetitive  sweeping  local  oscillator,  the  pano¬ 
ramic  receiver,  and  obtained  some  results  that  will  be  very  useful  here. 
Specifically,  he  considered  a  sawtooth  variation  in  frequency.  Grigsby 
found  that  with  a  sawtooth-frequency-modulated  local  oscillator  there 
was  effectively  a  local  oscillator  frequency  component  every  1/T  cycle 
throughout  the  range  of  frequency  variation  of  the  local  oscillator  where 
T  is  the  period  of  one  frequency  sweep.  Each  of  these  components  will 
translate  the  noise  in  narrow  bands  in  both  the  desired  and  image  bands 
down  to  the  i-f  frequency,  but  each  cne  will  do  so  with  a  much  lower 
conversion  gain  than  if  the  local  oscillator  had  a  fixed  frequency. 
Putting  his  results  into  an  equation,  the  following  expression  is 
obtained: 

Apparent  I  |  Number  of  j  Total  Bwl  Effectiveness  of 

noise  BW  j  =  I  LO  components  [_  accepted  J  each  LO  component 

Lin  the  i-f  banaj  as  compared  to  a 

fixed-frequency 
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FIG.  D. 1.  Frequency  bands  of  sweeping-local-oscillator  receiver. 


Simplifying,  it  can  be  seen  that  for  no  image  response. 


Af'  =  AF, 


Bir  "  bif 


The  complete  theory  behind  this  result  is  rather  complicated,  and 
the  reader  is  referred  to  Grigsby's  original  work  if  he  wishes  more  in¬ 
formation. 

The  equation  above  will  give  the  value  of  the  apparent  noise  band¬ 
width.  Now  a  step-by-step  method  to  consider  noise  in  the  sweeping 
receiver  will  be  presented.  The  same  configuration  as  used  before  will 


# 

It  may  appear  that  the  total  bandwidth  accepted  should  be  Af  +  Bqp, 
since  the  local  oscillator  sweeps  through  a  range  Af  and  the  i-f  pass 
band  will  overlap  the  ends.  This  is  true  from  the  signal-acceptance  point 
of  view,  but  at  each  end  there  are  only  one-half  as  many  local  oscillator 
components  in  the  i-f  pass  band,  and  these  effects  cancel  each  other  so 
that  the  effective  bandwidth  accepted  for  noise  purposes  is  Af. 
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FIG.  D. 2.  Location  of  image  band,  overlapping  case. 

be  examined.  See  Fig.  C.l(a).  Note  that  now  the  local -oscillator  fre¬ 
quency  will  be  varying  linearly  with  Lime. 

A  diagram  of  the  pass  bands  will  not  be  given,  but  the  first  case 
considered  will  be  merely  that  one  in  which  there  is  no  image  response. 
In  this  situation  it  should  be  easy  to  see  that  the  noise  factor  will  be 
unchanged. 
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There  are  two  general  situations  as  far  as  the  image  and  desired 
bands  are  concerned.  One  of  these  is  illustrated  in  Fig.  D.l(b):  the 
bands  are  completely  separate.  The  other  is  shown  In  Fig.  D.2:  the  bands 
overlap.  It  is  also  possible,  in  the  first  case,  to  have  the  bands  over¬ 
lap  the  range  of  frequencies  of  the  local  oscillator,  as  is  always  the 
case  with  overlaping  image  and  desired  bands.  At  first,  it  might  be 
"bought  that  there  would  be  local-oscillator  feed-through,  since  the  i-f 
pass  band  will  actually  cover  some  of  the  local-oscillator  components 
during  the  sleeping  action.  This  does  not  occur  because  of  the  results 
of  the  vector  addition  of  all  of  the  components.  What  should  be  noticed 
is  that,  since  part  of  the  image  is  overlapped  by  the  desired  band  in 
the  second  case,  the  noise  in  the  overlapped  portion  is  part  of  the 
"desired"  noise  and  all  that  need  be  considered  is  the  noise  in  that  portion 
of  the  image  band  not  overlapped,  if  it  is  not  rejected  by  the  pass  bands 
of  the  stages  preceding  the  mixer. 


This  would  be  an  extremely  long  study  if  an  attempt  was  made  to 
cover  every  possible  arrangement  of  pass  bands  with  the  two  cases  of 
overlap  and  non -overlap,  but  enough  examples  “ill  be  given  to  fully 
illustrate  the  technique.  These  results  are  all  obtained  merely  by  ex¬ 
amining  the  pas  band  diagrams  and  using  the  technique  developed  in  the 
section  on  non -sweeping  local  oscillators.  The  equation  given  above  for 
the  apparent  noise  bandwidth  is  the  key  to  the  entire  solution. 

First,  examine  the  non -overlapping  case.  Pass  bands  are  as  in 
Pig.  D, 3(a) . 
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This  is  the  same  result  that  was  obtained  for  the  non -sweeping  case, 
but  the  reader  should  bear  in  mind  that  the  phenomena  causing  it  and  the 
technique  used  to  obtain  tile  result  are  completely  different.  Examine 


the  third  term. 
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And  in  this  particular  example,  with  the  width  of  the  image  over¬ 
lapped  equal  to  the  total  bandwidth  Af,  the  multiplier  is  equal  to  2. 


FIG.  D. 3.  Image-band  response,  non-overlapping  case. 

Perhaps  another  example  will  clarify  this  point.  Consider  the  pass 
bands  as  in  Pig.  D. 3(b).  For  the  fourth  term  there  1c-  no  change,  since 
its  pass  band  completely  overlaps  the  Image;  however,  pass  band  No.  3 
includes  only  0.75  of  the  image.  The  noise  factor  is  then  changed  so 


(V1)  1*75(F,-1)  S(F.-l) 

F.  s  =  F  +  — ^ - +  - 2 - + - 

x  G  G  G  G  G  G 

°1  °1  °2  °1  °2 


(Fc-2) 


(F.-l) 

’  O 


G  G.  G  G  G  i*  G  G  G 

0X  02  0,u04  o5 

Not  to  pursue  this  point  any  longer,  the  overlapping  case  will  now 
t-e  considered.  Remember  that  the  "additional"  noise  added  by  the  image 
is  only  that  part  that  is  in  the  portion  of  the  image  band  not  overlapped 
by  the  desired  band. 


Figure  D.4(a)  gives  the  pass  bands  for  the  first  example.  This  is 
a  trivial  ease: 

fx  c  -  i-o  f  .  ,  1-5(Fi»-1) 
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Now  consider  a  more  complex  situati 


ion  as  in  fig.  D.k(b): 
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Note  that  pass  band  No.  U  effectively  limits  the  second  and  third 
era  multipliers  by  its  width. 
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FIG.  B.  4.  Image-band  response,  overlapping  cases. 
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1730  Halo  Street 
2  3ft lift  Jtenlcn*  Cailfgiatt 

Rrre«  Copper  and  Brass*  Inc. 
Foil  Dlvislor. 

19&  Oiaao&i  street 
BioaUyn  22,  few  Tort 
1  Atta;  7 inerat  B.  I*ar 


Bpexrr  Syroscape  Omcpvxy 
Division  of  Sperry  A-uaS  Corporation 
Great  Beck*  Bev  Tort 
1  Atta:  I,  Meyer*  D7 

tockbeed  Electron:  to  Co. 

star id  Pivisic- 
v.  3,  Highway  Jlo.  22 
Plainfield*  Bev  Jersey 
1  Atta:  C.  l.  Cpltx 

r.r—  rrttiiL  Officer 

U.  t,  Arty  Signal  Elec.  Bet.  Unit 

P.O.  ft»t  M5 

1  Mountain  View,  California 
?ylvM<4  E!w*mi,|.  Syatow 

Div.  or  Sylvac!a  Elec  rtrxX.,  Us. 
Bslt&v  laboratories 
1«S  Firat  Avenue 
1  Ifeltrt.  54*  Mu^utetta 

•Criming  Officer 
IL*.  Arty  Signal  BeitaiiJi  sad 
teveloj^cnt  Laboratory 
Fort'  Jfcaayjtii,  Bn  Jersey 
3  A  tin:  Chief*  Security  Divl*Icr  (for 
retraccaittal  W  acer^ii  V 
Britlab  and  Canadian  Oov’t 
repreaentattvej 


••CcMfcnder 

Vrlgbt  Air  Dcvelojaeat  Divisioa 
Vright-Patterson  Air  Perce  Fmc 
Obio 

2  Attn:  MUZA 

fcl.  Zawxe&ee  Pulitzer 

••Otlo  University 
Co: lege  of  Applied  Scieflee 
Athens,  Cfcio 
2  Atta:  a,L.  Ioffe* 

••♦Air  ppree  Dcveiosii  Field  Brp. 
6*3  Fraa- A?e« 

Air  Bessarxi  aa&  ler'i  Commas 
ilTo  to*  Alto*  Avenue 
lorn  Ait**,  California 
«  Atta:  Ha^sr  Otia  B,  IiU 

Airplane  Cogpe-# 
Aerospace  Divisioa 
Library  23^4 

2  Seattle  2%,  iksblagt^; 


.  -*r 

,-^£57  report* 


